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EXECUTIVE  SUMMARY 

The  AFOSR  Optoelectronics  Research  Center  (OERC)  at  the  Center  for  High 
Technology  Materials  of  the  University  of  New  Mexico  has  become  a  leading 
university  optoelectronics  program  with  substantial  impact  on  the  development  of 
the  field.  Novel  InGaAs  and  AlGaAs  device  structures  such  as  resonant-periodic 
gain  surface-emitting  lasers  and  leal^-mode  diode  laser  arrays  have  been 
pioneered.  An  exciting  recent  result  is  the  demonstration  of  large  second-order 
nonlinearities  in  Si02,  both  in  macroscopic  plates  and  in  thin  films  grown  on  Si 
substrates.  PLZT  is  another  electrooptic  material  that  has  been  extensively 
developed.  Processing  advances  have  included  careful  investigation  of  III-V 
regrowth  over  patterned  wafers  that  allow  unique  device  structures  such  as  lealqr- 
mode  laser  arrays,  and  the  extension  of  interferometric  lithography  techniques  that 
have  led  to  the  definition  of  isolated  and  passivated  quantum  wire  and  dot 
structures  in  Si  and  related  materials.  External  cavity  operation  of  diode  lasers  has 
provided  a  wealth  of  information  on  intem€d  device  physics  and  on  the  fundamental 
limits  of  laser  spectral  and  temporal  characteristics.  Modeling  of  both  single¬ 
element  and  array  geometries  has  led  to  improved  understanding  and  device 
performance.  The  AFOSR  OERC  has  been  a  pioneer  in  the  development  of  surface- 
emitting  lasers.  The  first  demonstration  of  the  resonant-periodic  gain  concept  was 
reported  several  years  ago.  Since  then,  advances  have  been  made  in  device  growth 
(MOCVD),  in  device  and  mirror  design,  in  optical  pumping  with  record  output 
powers  (>  50kW)  for  any  semiconductor  device,  in  ultrafast  gain  switched  operation, 
in  record  low  series  resistance,  overall  and  slope  efficiencies  for  electrical  operation. 

A  m£gor  advance  in  integrated  structures  is  the  coupling  of  phototransistors  with 
surface-emitting  lasers  to  make  "smart  pixels"  that  can  operate  in  parallel  on  an 
array  of  optical  signals.  This  opens  the  possibility  of  an  entirely  new  class  of  optical 
information  processing. 

A  major  feature  of  the  AFOSR  OERC  has  been  interactions  with  the  Air 
Force  Phillips  Laboratory  and  with  other  Air  Force  laboratories  including  the  Rome 
Laboratory. 
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I.  INTRODUCTION 

The  Optoelectronics  Research  Center  (OERC)  at  the  University  of  New  Mexico 
that  was  begun  in  FY87  under  the  auspices  of  the  Air  Force  Office  of  Scientific 
Research.  The  OERC  has  functioned  in  coiyunction  with  the  Center  for  High 
Technology  Materials  (CHTM),  which  is  also  supported  by  the  State  and  University 
of  New  Mexico,  with  the  Optoelectronic  Materials  Center,  which  is  being  funded  by 
DARPA,  and  with  the  SRC/SEMATECH  University  Center  of  Excellence  in 
Metrology  and  On-line  Analysis  for  Semiconductor  Manufacturing.  CHTM  is  an 
interdisciplinary  research  organization  with  faculty  and  research  representation 
from  four  departments;  Electrical  Engineering,  Physics,  Chemistry  and  Chemical 
Engineering. 

Since  its  inception,  the  AFOSR  OERC  has  become  a  leading  university 
optoelectronics  program  with  substantial  impact  on  the  development  of  the  field. 
Just  one  evidence  is  the  1991  DOD  Critical  Technologies  Plan,  recently  submitted 
to  Congress,  which  highlights  the  strong  University  of  New  Mexico  programs  in  the 
areas  of  III-V  lasers  and  laser  arrays. 

The  program  of  the  AFOSR  OERC  has  been  primarily  experimental  with 
theoretical  work  in  support  of  our  experimental  efforts.  Emphasis  has  been  on  the 
invention,  demonstration,  and  study  of  novel  optoelectronic  structures  and  devices, 
which  have  unique  capabilities  of  interest  to  the  Air  Force  and  national 
requirements  in  general.  In  addition,  we  have  trained  Air  Force  personnel  and 
civilian  students  in  the  fabrication,  characterization,  and  utilization  of 
optoelectronic  devices  to  satis^^  needs  at  the  Air  Force  laboratories  as  well  as  at 
other  federal  laboratories  and  commercial  organizations. 

The  goal  of  the  AFOSR  OERC  is  to  be  at  the  forefront  of  advances  in 
optoelectronics.  We  strongly  believe  that  the  coupling  and  increasing  merger  of 
optics  and  electronics  has  already  had  important  consequences,  but  that  the  major 
advances  which  will  occur  over  the  next  decade  will  dwarf  those  seen  to  date.  TTiese 
will  result  from  advances  in  linear  and  nonlinear  materials,  in  device  processing,  in 
device  design,  and  in  device  integration.  Examples  of  materials  and  structures  are 
quantum  wells,  superlattices,  strained-layer  semiconductors,  and  new  nonlinear 
materials.  Processing  developments  relate  to  smaller  dimensions  and  improved 
techniques  for  the  selective  deposition,  modification  and  removal  of  materials. 
Improved  devices  result  also  from  increased  understanding  of  the  underlying  device 
and  material  physics  and  from  innovative  approaches  to  device  design  and 
s3aithesis.  Integration  of  multiple  optical  functions  and  between  optical  and 
electronic  functions  will  have  a  increasing  impact. 

The  AFOSR  OERC  has  produced  significant  results  in  all  of  these  areas. 
Details  are  provided  below.  In  IlI-V  materials  and  structures,  novel  InGaAs  and 
AlGaAs  device  structures  such  as  resonant-periodic  gain  surface-emitting  lasers 
have  been  pioneered.  An  exciting  recent  result  is  the  demonstration  of  large 


second-order  nonlinearities  in  Si02,  both  in  macroscopic  plates  and  in  thin  films 
grown  on  Si  substrates.  PLZT  is  another  electrooptic  material  that  has  been 
extensively  developed.  Processing  advances  have  included  careful  investigation  of 
III-V  regrowth  over  patterned  wafers  that  allow  unique  device  structures  such  as 
lealQ^-mode  laser  arrays,  and  the  extension  of  interferometric  lithography 
techniques  that  have  led  to  the  definition  of  isolated  and  passivated  quantum  wire 
and  dot  structures  in  Si  and  related  materials.  External  cavity  operation  of  diode 
lasers  has  provided  a  wealth  of  information  on  internal  device  physics  and  on  the 
fundamental  limits  of  laser  spectral  and  temporal  ch.  ^..teristics.  Modeling  of  both 
single-element  and  array  geometries  has  led  to  improved  understanding  and  device 
performance.  A  mqjor  advance  in  integrated  structures  is  the  coupling  of 
phototransistors  with  surface-emitting  lasers  to  make  "smart  pixels"  that  can 
operate  in  parallel  on  an  array  of  optical  signals. 

An  important  driver  for  the  success  of  the  AFOSR  OERC  program  is  the 
vertical  integration  of  capabilities  within  CHTM.  These  extend  from  semiconductor 
and  nonlinear  materials  growth  and  characterization,  through  fabrication  and 
processing,  to  device  synthesis,  characterization  and  integration.  The  juxtaposition 
of  these  resources  within  a  common  research  setting  provides  an  important  cross¬ 
fertilization  that  is  crucial  for  rapid  progress  in  this  multidisciplinary  area. 

Interaction  with  Air  Force  personnel  and  research  and  development 
programs  and  needs  is  a  mqjor  aspect  of  this  AFOSR  OERC.  Particularly  close 
relations  are  maintained  with  the  Air  Force's  Phillips  Laboratory  programs  in  diode 
lasers  and  nonlinear  optics.  Strong  ties  are  also  maintained  with  the  Rome 
Laboratory  programs  in  photonics. 

A  recent  addition  to  these  interactions  is  the  formation  of  the  Alliance  for 
Photonic  Technology  (APT).  APT  is  a  cooperative  technology  transfer  initiative 
between  CHTM,  the  Phillips  Laboratory,  Sandia  National  Laboratories,  and  Los 
Alamos  National  Laboratory  to  provide  a  common,  and  user-friendly,  interface 
between  these  diverse  laboratories  and  indristry.  The  Rome  Laboratory  has  also 
expressed  interest  in  joining  this  cooperation. 
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11.  CURRENT  ACCOMPLISHMENTS 

As  noted  above,  the  AFOSR  OERC  has  generated  a  substantial  body  of 
results  since  its  inception  in  FY-87.  Recent  highlights  are  presented  here.  As  was 
noted  above,  an  important  feature  of  the  OERC  is  its  broad  range  of  capabilities 
and  talents.  Any  division  into  the  areas  of  materials,  fabrication,  devices  and 
integration  such  as  is  attempted  here  is  necessarily  arbitrary.  Materials  are  grown 
for  devices,  not  simply  to  study  the  materials  and  growth  physics.  The  ultimate 
tests  of  the  materials  are  in  their  performance  in  device  applications.  Thus, 
descriptions  of  laser  performance  appear  under  the  materials  section.  This  and 
other  similar  sorting  anomalies  are  inevitably  found  in  the  following. 


11.1  MATERIALS: 

11.1.1  MOCVD  Materials  Growth  and  Applications 

Establishment  cf  CHTM's  MOCVD  growth  facility  was  realized  in  1987  with 
the  support  of  the  State  of  New  Mexico  and  AFOSR.  Major  advancements  have 
been  made  in  veiy  high  efficiency  AlGaAs  GRIN-SCH  QW  laser  technology, 
including  strained  GaAlInAs  alloys  for  improved  threshold,  power  and  reliability 
over  a  wavelength  range  from  680  nm  to  1000  nm.  Perhaps  the  most  demanding 
and  exciting  application  for  the  MOCVD  materials  has  been  in  the  development  of 
vertical-cavity  surface-emitting  lasers  (VCSEL).  In  concert  with  advances  in 
fabrication  and  processing,  the  MOCVD  material  has  demonstrated  unsurpassed 
AlGaAs  VCSEL  performance  and,  combined  with  low-defect  MOCVD  regrowth  of 
optical  transistors  and  thyristors,  the  first  monolithic  optical  computing  logic 
elements  based  on  VCSELs  have  been  produced.  In  addition  to  the  above  laser 
materials  growth,  studies  have  been  conducted  on  HEMT  and  HBT  device 
materials,  heterostructures  for  green  light  emission  from  GaAs  and  Leal^-Mode 
phased  array  lasers,  just  to  name  a  few.  Experiments  with  zinc,  tellurium,  and 
carbon  doping,  and  regrowth  on  patterned  substrates  of  GaAs  and  AlGaAs  have 
also  been  instrumental  in  realizing  device  goalr. 

A  brief  outline  of  accomplishments  over  the  past  3  years  follows. 

Crystal  Growth  Facility 

Fully  functional  in  early  1987,  the  existing  Crystal  Growth  Facility  has  been 
a  consistent  asset  to  the  Center  with  nearly  1000  epitaxial  growths  to  date.  The 
custom  designed  reactor,  which  was  configured  with  a  high  vacuum  residual  gas 
analysis  provided  through  AFOSR  funding,  has  provided  consistently  high  quality 
material  for  CHTM,  the  Air  Force  and  other  laboratories.  The  facility  has  proven  to 
be  an  excellent  training  ground  for  students  with  an  overriding  emphasis  on  safety 
of  operations. 


Research  with  the  Air  Force 


A  primary  objective  of  the  MOCVD  capability  at  CHTM  has  been  to  support 
the  programs  of  direct  interest  to  the  Air  Force.  This  has  been  effected  by  joint 
research  with  personnel  of  the  Air  Force's  Phillips  Laboratory. 

High  Efficiency  AlGaAs  GRIN-SCH  Lasers 

Our  MOCVD  materials  have  been  utilized  in  a  number  experiments 
involving  the  Phillips  Laboratory  including  Broad  Area  Devices  for  External 
Cavities,  Broad  Area  Unstable  Resonators  utilizing  Etched  Facets,  Buried  Lenslets, 
and,  in  the  near  future.  Buried  Continuously  Graded  Refractive  Index  Structures. 
Unstable  resonator  structures  investigated  have  produced  several  hundred 
milliwatts  of  power  in  a  single  mode  from  apertures  as  wide  as  170  pm. 


Strained  Quantum  Well  (SOW)  GaAlInAs  Lasers 

Higher  efficiency  and  power,  lower  threshold  and  better  reliability  are  all 
motives  for  using  SQW  lasers.  An  additional  advantage  is  that  GaAs  substrates  are 
transparent  to  the  laser  radiation.  SQW  structures  are  now  routinely  used  in  the 
majority  of  laser  diode  work  at  the  AFOSR  OERC. 


Leakv-Mode  Laser  Arrays 

A  new  process  was  developed  for  fabrication  of  Lealgr-Mode  Laser  Arrays. 
This  process,  now  being  utilized  by  TRW  as  well,  heis  proven  to  be  very  simple  and 
relies  on  a  high  quality  epitaxial  regrowth  interface.  Powers  up  to  750  mW  in  a 
stable  supermode  have  been  observed. 


Materials  for  Phillips  Laboratory  contractors 

The  CHTM  MOCVD  materials  have  been  utilized  by  a  number  of  Phillips 
Laboratory  contractors  in  order  to  enhance  their  research  activities.  The  list 
includes  David  Samoff  Research  Center,  Hughes  Research  Labs,  TRW  Research 
Center,  Sandia  National  Laboratory  and  Spectra  Diode  Laboratories. 

Materials  Supplier  for  Other  Major  Laboratories 

Materials  grown  by  MOCVD  have  been  used  by  a  number  of  major  research 
laboratories.  In  some  cases  only  the  epitaxial  material  has  been  provided  and  in 
others,  processing  of  the  material  has  also  been  included.  This  list  of  laboratories 
includes: 


Army  Night  Vision  and  Electrooptics  Laboratoiy 
Sandia  National  Laboratories 


Ootoelectronica  Research  Center 


Lawrence  Livermore  Laboratory 

Spectra  Diode  Laboratories 

Hu^es  Research  Laboratories 

TRW  research  Center 

Rockwell  Science  Center 

David  SamoiT  Research  Laboratories 

Crystal  Specialties  Corporation 

CVD  Metalorganics  Division  of  Morton  TTiiokol 

Optic  Electronic  Corporation 

Fermionics  Corporation 

Oregon  State  University 

University  of  California  Los  Angeles 


MOCVD  Research 

A  number  of  experiments  have  been  conducted  under  AFOSR  funding  which 
have  had  broad  application  in  a  number  different  projects.  It  is  of  fundamental 
importance  to  do  experimental  growths  aimed  at  producing  enough  data  to  generate 
empirical  constants  needed  for  predicting  material  growth  rates,  composition  and 
doping.  We  find  that  our  reactor  has  a  stability  of  about  1%  variation  in  thickness 
over  the  period  of  one  week.  The  uniformity  was  also  analyzed  demonstrating  a 
total  variation  of  3.8%  over  a  2"  diameter  wafer.  The  aluminum  composition  varies 
by  less  than  0.1%  in  AlGaAs.  Detailed  studies  of  carbon,  zinc  and  tellurium  doping 
have  been  carried  out.  The  advantage  of  carbon  doping  over  zinc  is  its  extremely 
low  diffusion  coefficient.  Regrowth  on  GaAs  and  AlGaAs  is  very  important  for  a 
number  of  new  optoelectronic  devices  and  detailed  studies  have  been  carried  out  on 
different  surface  treatments  prior  to  growth  and  these  have  been  analyzed  using 
photoluminescence,  C-V,  and  DLTS  profiling.  Laser  diodes  with  regrown  active 
region  interfaces  have  also  been  measured  and  it  has  been  shown  that  minimal 
degradation  of  performance  can  bee  achieved  by  using  ammonium  sulfide  and  in- 
situ  HCl  etching  prior  to  regrowth.  Finally,  680-nm  laser  diodes  with  power 
outputs  of  nearly  500  mW  have  been  fabricated  by  incorporating  strained  GaAlInAs 
quantum  wells  in  an  AlGaAs  large-optical-cavity  laser  structure. 

Current  Programs 

The  following  is  a  summary  of  projects  currently  active  in  the  MOCVD  materials 
growth: 

1.  Si  and  SiGe  Growth  on  Si  at  Low  Temperature  by  Conventional 
MOCVD.  Preliminary  studies  show  that  this  very  important  material 
system  can  be  grown  very  easily  by  MOCVD  if  the  system  has  very  low 
moisture  and  oxygen  levels.  Precursors  of  silane  and  tetramethyl 
germanium  are  used  in  hydrogen.  Excellent  material  quality  is 
observed  at  growth  temperatures  as  low  as  650*C.  Doping  is 
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accomplished  using  arsine  and  trimethyl  indium.  Detailed  materials 
characterization  is  underway. 

2.  Vertical  Cavity  Surface  Emitting  Lasers  and  Optical  Logic 
Elements.  Further  development  of  the  VCSELs  and  pnpn  switching 
elements  is  underway.  Efforts  to  minimize  surface  defect  density  and 
improve  device-to-device  uniformity  are  underway.  Epitaxial  regrowth 
is  an  attractive  way  of  testing  laser  and  switch  devices  independently 
as  well  as  monolithically.  This  is  done  by  including  GaAs  substrates 
in  the  pnpn  regrowth  runs  on  VCSEL  substrate  structures. 

3.  Establishing  MOCVD  Growth  of  AlGalnP  Visible  Diode  Laser 
Materials  for  633-nm  CW  Operation.  Utilizing  funds  secured 
under  contracts  from  DARPA  for  a  new  MOCVD  reactor,  the 
University  of  New  Mexico  for  building  expansion,  and  the  New  Mexico 
research  and  Development  Institute  (NMRDI)  for  facilitization  and 
operations,  the  Crystal  Growth  Facility  will  double  its  capability  and 
diversify  into  the  AlGalnP  materials  with  the  aim  of  producing  high 
efficiency  633-nm  laser  diodes.  Engineering  is  complete,  ground 
breaking  is  underway  and  a  detailed  request  for  proposal  for  the  new 
reactor  has  been  issued.  This  RFP  includes  a  option  to  bid  on  a  new 
multi-wafer  radial  reactor  concept  for  which  a  patent  application  has 
been  filed.  This  increased  III-V  epitaxial  growth  capability  will 
directly  benefit  the  programs  of  the  AFOSR  OERC. 

II.1.2  Nonlinear  and  Electrooptic  Materials 

Semiconductor  Quantum  Well  Materials 

Most  quantum  well  optoelectronic  devices  rely  on  externally  applied  electrical 
fields  to  control  the  optical  properties.  Approaches  to  investigating  the  properties  of 
any  quantum  well  design  under  electric  field  are  necessary,  especially  as  evidence 
is  mounting  that  nonrectangular  quantum  wells  have  significant  advantages  over 
rectangular  wells.  The  configuration  we  studied  is  shown  in  Fig.  II -1. 

We  use  Airy  Functions  as  general  solutions  of  Schrodinger  equation  for  a 
quantum  well  with  an  eleclric  field.  Since  Airy  functions  are  the  eigenfunctions  for 
these  situations,  the  benefits  of  this  approach  include  accuracy  and  simple 
formulations.  Previous  attempts,  however,  were  only  able  to  apply  Airy  Function 
solutions  to  electric  fields  higher  than  100  kV/cm  as  the  solution  becomes 
numerically  unstable  for  lower  fields.  These  fields  are  larger  than  the  typical  fields 
used  for  actual  devices.  Furthermore,  it  was  also  diificult  to  handle  the  Aiiy 
functions  for  an  asymmetric  triangular  quantum  well  in  an  electric  field.  In  Fig. 
II,  1,  we  can  see  that  when  the  electric  field  exceeds  62  kV/cm  in  one  direction,  the 
holes  lose  confinement,  while  94  kV/cm  in  the  other  direction  eliminates  electron 
confinement  in  the  asymmetric  triangular  quantum  well.  We  were  successfully 


able  to  calciilate  the  bound  states  for  fields  less  than  ±100  kV/cm.  Ihese  results  are 
shown  in  Fig.  11*2.  llus  work  was  done  in  collaboration  with  Guemot  Pomrenke’s 
program  at  Emory  University  with  Prof.  K.  Bcgig.  A  short  article  is  in  preparation. 
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Figure  11-1.  Ihe  asymmetric  triangular  quantum  well  studied  (top),  showing 
the  applied  fields  necessary  to  eliminate  confinement  in  the  valence 
band  Deft)  and  conduction  ^nd  Qower  right). 
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Figure  II-2.  Results  of  the  Airy  Function  calculation  for  the  asymmetric 
triangular  quantum  well  in  Fig.  II.  1.  Notice  the  bound  states  for 
electrons  and  holes  disappear  as  anticipated. 


Many  device  concepts  make  use  of  transitions  between  energy  levels  in 
semiconductor  structures.  Given  that  a  real  device  will  usually  have  to  operate 
over  some  temperature  range,  understanding  of  the  temperature  dependence  of  the 
energy  levels  is  key  to  furthering  the  technology  of  such  a  device.  While  the 
temperature  dependences  of  band  gaps  are  well  known,  only  recently  have  the 
temperature  dependences  of  the  band  offsets  that  play  a  crucial  role  in  quantum 
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well  and  other  heterostructure  devices  been  investigated.  We  have  elaborated  on 
our  previous  studies  by  including  the  role  thermal  expansion  effects  play  in  the 
temperature  dependences  of  band  offsets. 

Using  a  thermodynamic  approach,  we  examined  the  role  thermal  expansion 
plays  in  determining  the  temperature  dependence  of  band  gaps  and  band  offsets. 
Because  of  the  large  variation  in  the  standard  volume  of  electrons  (or,  equivalently, 
variation  in  conduction  band  deformation  potential)  with  symmetry  of  the 
conduction  band,  most  of  the  band  gap  temperature  variation  can  be  ascribeH  to  the 
valence  band  for  the  X  gap,  while  the  variation  is  more  evenly  divided  between  the 
conduction  and  valence  band  for  the  F  band  gap.  The  particulars  of  the  AlAs/GaAs 
system  have  been  examined  in  detail,  we  find  evidence  that  X  electrons  have  a 
larger  electron-phonon  entropy  than  F  electrons,  and  that  the  lowest  conduction 
band  offset  exhibits  considerable  temperature  variation.  Results  are  summarized 
in  Fig.  II.3: 


Conduction  Band  Edges  O'^*(0K)  reference 
state)  and  Conduction  Band  Offset  for  GaAs/AIA: 


Figure  II-3.  Predicted  conduction  band  offset  temperature  dependence  of  the 
AlAs/GaAs  system.  Notice  that  the  magnitude  of  the  offset  variation  is 
close  to  the  magnitude  of  the  band  gap  variations. 

This  also  was  a  collaborative  effort  with  another  AFOSR  Grant  at  Oregon 
State  University. 
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PLZT  and  related  Materials 

Lead-lanthanum  zirconate-titanate  (PL27D  is  a  promising  material  for  thin 
film  electrooptic  and  nonlinear  optical  applications.  In  various  regions  of  its  phase 
diagram,  PL^  exhibits  rhombohedral,  tetragonal  or  cubic  crystal  structures,  with 
corresponding  variations  in  the  second-order  nonlinearity.  At  room  temperature, 
the  composition  with  28%  lanthanum  and  0%  zirconium,  PLZT  28/0/100,  is  on  the 
border  between  the  cubic  and  tetragonal  phases.  This  composition  exhibits  a  large 
quadratic  electrooptic  effect,  as  well  as  a  large  transparency  range  (0.3  -  6  pm).  We 
have  concentrated  on  the  properties  of  thin  films  of  PLZT  of  this  composition.  We 
have  also  investigated  a  number  of  compositions  such  as  15/0/100  and  7/0/100 
which  are  fully  in  the  tetragonal  regime.  Deposition  has  been  by  rf-sputtering,  by 
ion-assisted  ion-beam  sputtering,  and  by  laser  ablation.  Substrates  include  fused 
silica  and  sapphire  as  well  as  Si  and  GaAs.  These  later  hold  out  the  promise  of 
monolithic  integration  with  semiconductor-based  sources  and  detectors. 

Highly  oriented  PLZT  films  have  been  deposited  with  <001>  or  <100> 
crystallographic  directions  normal  to  the  film  surface.  Figure  II-4  shows  X-ray 
diffraction  scans  of  0.4-pm  thick  films  deposited  on  a  variety  of  substrates  by  rf- 
sputtering.  Note  the  strong  <100>  and  <200>  diffraction  peaks  and  the  relative 
absence  of  other  orientations.  In  contrast,  a  bulk  ceramic  sample  (bottom  of  figure) 
shows  a  number  of  diffraction  peaks  corresponding  to  the  varied  crystallite 
orientations. 

The  spatially  resolved  electrooptic  properties  of  these  films  have  been 
extensively  explored  using  a  confocal  scanning  polarization  microscopy 
configuration.  Planar  interdigitated  electrodes  (Cr:Au)  were  deposited  vdth  an 
electrode  gap  of  8  pm.  An  image  of  the  electrooptic  response  of  a  28/0/100  film, 
obtained  with  ~  0.4  pm  resolution  is  shown  in  Fig.  11-5.  The  nonuniformity  seen  in 
the  figure  provides  information  on  compositional  and  orientational  effects  in  the 
films.  This  characterization  capability  has  allowed  us  to  dramatically  improve  the 
uniformity  of  the  deposited  films.  These  films  exhibit  hysteresis  in  the  electrooptic 
response  due  to  domain  formation.  For  the  paraelectric  composition  28/0/100,  we 
have  observed,  for  the  first  time,  a  saturation  of  the  electrooptic  effect  at  high  fields 
as  shown  in  Fig.  II-6.  Switching  speeds  to  3  ns,  instrumentation  limited,  have  been 
measured  in  PLZT  28/0/100  films.  In  addition,  extensive  measurements  of  the 
second  harmonic  generation  properties  of  these  films  have  been  carried  out.  A  field* 
on/field-off  contrast  ratio  of  900:1  has  been  observed.  Photoreiractive  effects, 
leading  to  screening  of  the  field  and  a  decrease  in  the  second  harmonic  output  on  a 
time  scale  of  ms,  have  been  observed  and  phenomenologically  modeled. 
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Nonlinearities  in  SiOs 

Fused  silica  is  ubiquitous  in  modern  technology.  Its  extremely  low  linear 
optical  losses  have  enabled  the  fiber  optics  industry.  Si02  also  plays  a  dominant 
role  in  microelectronics  technology  where  the  unique  properties  of  the  Si02-Si 
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interface  are  largely  responsible  for  the  behavior  of  metal-oxide-semiconductor 
(MOS)  devices  underlying  advances  in  computer  hardware. 

Unlike  its  related  quartz  crystalline  phase,  fused  silica  is  amorphous  with  a 
macroscopic  inversion  symmetry  that  forbids  second-order  nonlinear  processes. 
Thus,  the  discoveiy  by  Csterberg  et.  al.  [1986]  of  efficient  second  harmonic 
generation  (SHG)  in  a  variety  of  Si-Ge  glass  fibers  upon  "training"  with  optical 
fields  has  generated  considerable  interest  in  the  physics  and  applications  of  this 
unexpected  phenomenon.  Stolen  and  Tom  [1987]  proposed  a  mechanism  based  on 
electric-field-induced  nonlinearities  where  the  field  arises  from  a  third-order  optical 
rectification  process.  Bergot  et  al.  [1988]  have  observed  an  enhancement  of  the 
nonlinearity  with  the  application  of  a  transverse  electric  field.  Recently,  Anderson 
et  oZ.[1991]  have  proposed  a  photovoltaic  effect  based  on  interference  between  the 
fundamental  and  harmonic  fields  that  phenomenologically  accounts  for  the 
observed  strength  of  this  field  [Kamal,  1990]  which  is  about  four  orders  of 
magnitude  larger  than  the  field  expected  from  optical  rectification.  This  field 
interacts  with  the  material  third-order  nonlinearity,  X®,  to  provide  an  effective  X® 
=  X<3)Ej^.  Similar  field-induced  nonlinearities  have  been  observed  in  a  variety  of 
material  systems,  e.g.  paraelectric  PL2T  [Mukherjee,  1990]. 

We  have  observed,  for  the  first  time,  a  permanent  second-order  nonlinearity 
in  the  near  surface  region  of  bulk  fused  Si02  induced  by  a  temperature  /  static 
electric  field  poling  process.  Hie  induced  X<2)s  achieved  are  three  to  four  orders  of 
magnitude  larger  than  found  in  the  fiber  experiments  and  approach  that  of 
traditional  nonlinear  optical  materials  such  as  LiNbOs. 

The  preparation  process  for  generating  the  Xt^)  nonlinearity  in  a  sample 
involves  heating  it  to  250*-325*C  in  a  laboratory  ambient  while  applying  a  dc  bias 
of  3  to  5  kV  across  the  nominally  1.6-mm  thick  samples.  After  ~15  minutes  of 
poling  the  heater  is  turned  off  and  the  sample  is  cooled  to  room  temperature.  Once 
cooled,  the  electric  field  is  removed  and  a  stable  X<2)  nonlinearity  is  observed.  For 
most  experiments,  electrodes  (stainless  steel  and  Si)  were  simply  physically 
contacted  to  the  sample.  Samples  have  been  maintained  at  room  temperature 
without  special  precautions  for  several  months  vdthout  any  noticeable  degradation 
of  the  nonlinearity.  Application  of  heat  alone,  above  ->  250*C,  removes  the 
nonlinearity.  The  necessary  voltage  did  not  scale  with  the  sample  thickness. 
Attempts  to  pole  commercial  fused  silica  coverslips  (180-pm  thick)  with  a  linearly 
scaled  voltage  were  unsuccessful.  However,  large  nonlinearities  were  observed 
when  these  same  samples  were  placed  atop  a  1.6-mm  thick  sample  and  the  larger 
voltage  was  applied  across  both  samples. 

The  SHG  signal  from  these  poled  samples  was  obtained  with  10-ns  pulses  at 
1.06  pm  from  a  1-mm  diameter  Q-Switched  Nd-YAG  laser  beam  operating  at  10  Hz 
at  an  intensity  of  10  MW/cm^.  The  SHG  signals  were  recorded  vrith  a 
photomultiplier  tube  (maximum  signal  /  noise  ~500:1). 


Figure  II-5:  Confocal  microscopy  images  of  the  induced  birefringce  in  PLZT 
thin  films  at  E=20  kV/mm  (top)  and  E^O  kV/mm  (bottom).  The 
dist€uice  between  the  electrodes  is  8  |xm;  the  spatial  resolution  is  ~0.4 
pm. 

We  used  several  commercial  grades  of  amorphous  silica  including  Optosil, 
Homosil,  Infrasil,  and  Suprasil.  The  strength  of  SHG  signal  was  approximately  the 
same  for  all  samples  (within  a  factor  of  two  variation)  except  for  Suprasil  which 
showed  a  signal  only  ~10%  as  large.  Suprasil,  manufactured  by  a  83aithetic  process, 
has  a  level  of  metal  impurities  only  10%  that  of  the  other  grades. 
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Figure  11*6:  Saturation  of  the  quadratic  electrooptic  effect  in  PLZT  28/0/100 
films  at  hi|^  applied  electric  fields. 

This  large  difference  in  SHG  signals  suggests  that  impurities  play  a  role  in 
the  generation  of  the  large  observed  nonlinearity.  IVpically,  the  dominant  metal 
impurity  in  Optosil  and  related  materials  is  A1  with  a  concentration  of  20-50  ppm. 
A1  is  known  to  substitute  for  Si  in  as-grown  fused  silica  samples.  Brower  [1979] 
has  investigated  the  formation  of  paramagnetic  impurity  centers  associated  with 
these  A1  impurities  including  AlO^^’  and  A103|^*-Na^  complexes  formed  under 
ionizing  radiation.  The  temperature  induced  destabilization  of  these  complexes  is 
similar  to  the  observed  dependence  of  the  SHG  signal  on  poling  temperature. 
Indeed,  almost  all  trapping  centers  observed  in  Si02  films  have  shown  thermal 
discharge  temperatures  in  the  range  from  100-400*0  [DiMaria,  1978]. 

Perhaps  similar  charge  compensated  molecular  complexes  are  formed  and 
oriented  during  the  poling  process  and  induce  a  macroscopic  X^.  If  such  localized 
moieties  are  indeed  present  then  the  individual  hyperpolarizability  can  be 
estimated  from  the  measured  X^.  Assuming  an  impurity  density  of  50  ppm,  p  is 
estimated  to  be  10-^  m*/V,  many  orders  of  magnitude  larger  than  that  of  Urea  or 
MNA.  This  casts  significant  doubt  on  a  localized  impurity  model  for  the 
nonlinearity. 
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Another  possibility  for  the  nonlinearity  is  a  field-induced  third-order  process 
similar  to  that  proposed  for  the  fiber  experiments.  Using  the  known  fused  silica 
10-22  in2/V2,  the  dc  field  required  to  generate  the  observed  Xf®  is  ~  10’  V/cm. 
This  large  field  might  be  generated  in  the  fused  silica  by  charge  separation  at  high 
temperature  followed  by  trapping  as  the  temperature  is  lowered  with  the  field 
applied.  The  mqjor  charge  carriers  in  fused  silica  (9-eV  bandgap)  in  this 
temperature  range  are  likely  to  be  cations  such  as  Na***.  Under  the  applied 
temperature  and  bias,  these  cations  will  drift  to  the  cathode  leaving  a  space -charge 
region  with  a  fixed  concentration  of  trapped  negative  charge  very  similar  to  that  in 
Schottl^  barriers.  Under  these  conditions,  the  mqjor  part  of  the  externally  applied 
potential  is  dropped  over  a  depletion  region  of  only  several  micrometers  enhancing 
the  field  strength.  Assuming  an  impurity  density  of  50  ppm  (the  nominal  total 
impurity  concentration)  and  a  poling  voltage  of  5  kV,  a  space  charge  width  of  5-6 
pm  and  a  maximum  field  strength  of  10’  V/cm  is  estimated  across  the  depletion 
region,  comparable  with  the  experimental  observations.  Additionally,  this 
mechanism  is  consistent  with  the  experimental  observation  of  a  fixed  voltage  rather 
than  a  fixed  field  requirement  on  thickness  scaling.  This  model  provides  for  regions 
of  high  field  at  each  end  of  the  sample.  Experimentally,  the  nonlinearity  is  only 
observed  on  the  anode  side.  This  may  be  due  to  inequivalent  charge  distributions 
leading  to  varying  field  strengths  and  effective  lengths,  or  to  charge  ii\jection  due  to 
tunneling  (which  seems  unlikely  with  the  poor  contacts  used)  or  to  hot  carriers  from 
plasma  breakdown  near  sharp  protrusions  on  the  electrodes. 

We  have  generated  a  very  large  second-order  nonlinearity  in  the  near  surface 
regions  of  bulk  fused  silica.  The  Xlt’)  coefficient  of  lxl0*^2  m/y  is  of  the  same  order  as 
crystal  quartz  and  is  three  orders  of  magnitude  larger  than  that  reported  for  fibers. 
A  possibility  for  the  microscopic  mechanism  of  this  nonlinearity  involves  the 
creation  and  orientation  of  nonlinear  complexes  during  the  poling  process. 
However,  this  model  leads  to  questionably  large  values  for  the  hyperpolarizability. 
Another  possibility  is  the  generation  of  a  large  dc  field  (10’  V/cm)  by  charge 
separation  and  trapping  during  the  poling  process,  which  induces  the  large  Xi’)  by  a 
field-induced  third-order  process.  Because  of  the  ready  manufacturability  of  silica 
optical  materials  and  their  integration  with  semiconductor  optoelectronics,  this 
nonlinearity  may  have  important  applications  in  waveguide  and  other 
optoelectronic  devices. 

In  a  recent  development,  we  have  extended  the  observation  of  these  large 
nonlinearities  to  thin  films  of  Si02  grown  on  Si  substrates.  This  was  accomplished 
by  growing  a  thin  film  of  silicon  nitride  above  the  Si02.  The  Si3N4/Si02  interface  is 
known  to  be  highly  defected  and  provide  a  large  number  of  deep  traps  for  charge 
storage.  This  is  the  underlying  principle  behind  one  type  of  nonvolatile  memory 
element  used  in  microelectronics.  This  result  is  particularly  significant  since  the 
nitride  layer  also  provides  a  high-quality  waveguide  as  well  as  integration  with 
semiconductor  structures. 
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IIJ8.1  MOCVD  Regrowth 

With  advances  in  fabrication  and  growth  technologies,  these  two  areas  are 
becoming  inextricably  intertwined.  Efforts  in  regrowth  on  GaAs  epilayers  following 
fabrication  for  both  leaky-mode  diode  laser  arrays  and  integrated  HPT-VCSEL 
switches  are  discussed  in  the  materials  and  integration  sections. 

II.2.2  Interferometric  Lithography  Fabrication  of  Quantum  Wire  and  Dot 
Structures 

The  use  of  optical  interference  effects  to  form  grating  structures  with  a  period 
comparable  to  the  optical  wavelength  is  well  established  [Anderson  1983].  It  is 
quite  simple  to  fabricate  gratings  to  periods  of  approximately  0.25  pm  using  an  Ar- 
ion  laser  source.  Adjusting  the  exposure  and  development  conditions,  it  is  possible 
to  generate  line-space  ratios  that  deviate  substantially  from  unity  and  hence  to 
generate  very  small  structures  that  are  of  interest  for  quantum  confinement  effects. 
Interest  in  this  topic,  and  application  to  Si  structures,  has  been  rekindled  by  the 
observation  of  efficient  visible  photoluminescence  from  electro-porous  Si  [Canham, 
1990;  Halimaoui,  1991].  This  luminescence  has  been  attributed  to  quantum  size 
effects  which  both  shift  the  spectral  peak  to  shorter  visible  wavelengths  and, 
because  of  the  strong  localization,  enhance  the  luminescence  efficiency. 

By  optimizing  the  interferometric  lithography  process,  we  have  been 
successful  in  generating  photoresist  mask  structures  to  only  40  nm.  Working  with 
<110>  oriented  Si,  we  have  used  the  highly  anisotropic  KOH  wet  etching 
characteristics  to  transfer  these  patterns  into  the  Si.  Figure  II-7  shows  an  electron 
micrograph  of  a  series  of  40-nm  wide,  0,7-pm  deep  Si  lines  on  a  1-pm  pitch.  The  Si 
width  can  be  further  reduced  by  simple  oxidation  processes.  Figure  II.8  shows  a 
micrograph  of  a  similar  structure  (initially  150-nm  wide)  that  has  been  thermally 
oxidized  to  a  depth  of  approximately  60  nm.  The  remaining  Si  is  shown  by  the 
slightly  darker  lines  in  the  center  of  each  structure.  Finally,  Figure  II.9  shows  the 
result  of  stripping  off  the  Si02  with  a  HF  solution.  At  the  waist,  these  structures 
are  only  10  nm  wide!  We  have  further  optimized  this  process  to  leave  very  small 
(10-40  nm  diameter)  isolated  Si  wires  surrounded  by  Si02.  These  are  very 
interesting  structures  that  will  provide  an  important  test  of  the  mechanism  for  the 
observed  photoluminescence. 

Further  refinements  on  the  lithography  process  allow  parallel  connections  of 
many  similar  wires  and  offer  the  possibility  of  electrical  excitation  and  observation 
of  quantum  transport  effects.  This  is  illustrated  in  Figure  II-IO  which  shows  a  top 
view  of  12-iJim  long,  50-nm  wide  Si  wires  connected  to  -1-pm  wide  "bussbars" 
running  at  right  angles.  This  structure  was  fabricated  using  a  double  exposure, 
moird  technique. 


Figure  II-7:  Electron  micrographs  of  40-nm  wide  Si  structures,  0.7-pm  deep 
on  a  0.5  pm  pitch  formed  by  interferometric  lithography  and  KOH 
etching  of  <110>  Si.  The  vertical  walls  are  Si  <111>  planes. 


Figure  II’8:  Electron  micrographs  of  150-nm  wide  Si  lines  that  have  been 
thermal]^  oxidized  to  a  depth  of  ~70  nm.  Note  the  darker  Si  structxire 
in  the  center  of  each  oxidized  line. 


lliis  interferometric  lithography  process  shows  great  promise  for  a  number  of 
important  applications.  Conventional  imaging  lithography  is  now  being  used  for 
~0.5-pm  critical  dimension  (CD)  structures  in  advanced  development  laboratories. 
Using  phase-shift  mask  techniques,  estimates  are  that  0.2-pm  CDs  will  be  achieved 
on  a  manufacturing  scale  within  the  decade,  llie  present  results  demonstrate  0.01- 
pm  CDs  -  and  further  extension  to  shorter  wavelength  optical  sources  is 
straightforward.  It  will  be  important  to  increase  the  flexibility  of  this  process  to 
more  complex  structures  if  it  is  to  have  a  signiflcant  range  of  application. 


Figure  II-9:  Electron  micrographs  of  the  sample  of  Fig.  II-8  after  chemical 
removal  of  the  SiOj.  llie  minimum  dimension  of  the  Si  is  only  10  nm! 
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Figure  II- 10:  Electron  micrographs  of  a  pattern  with  50-nm  wide  lines 
etched  into  <110>  Si  connected  in  parallel  to  ~  1-pm  "bussbars"  every 
12  pm.  Hiis  pattern  was  the  result  of  a  moird  double  exposure. 

n3  DEVICES 

Semiconductor  Lasers 

External  cavity  transverse  mode  filtering  of  high-po^'er  lasers  and  laser 
arrays 

Since  Sept.  1989,  CHTM  personnel  have  grown  GaAs/AlGaAs  and 
InGaAs/GaAlAs  GRIN-SCH  SQW  laser  wafers  and  fabricated  several  wide  stripe 
laser  designs  emitting  from  740  to  980  nm.  IVpical  performance:  Jth  -300  A  cm-2, 
Tliat  close  to  unity,  power  output  better  than  1  W/facet  pulsed  (1  ps,  1%  duty  cycle), 
multiple  transverse  mode  with  strong  tendency  to  Hlamentation  characteristic  of 
wide  stripe  lasers. 

Initial  experiments  (conducted  jointly  with  PILOT  personnel  during  1990-91) 
on  transverse  mode  filtering  have  been  very  successful:  an  anamorphic  external 
cavity  has  been  designed  which  is  stable  in  the  vertical  direction  and  unstable  in 
the  horizontal  (epitaxial)  plane.  With  an  AR-coated  internal  facet  this  allows 
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nearly  diffraction-limited  output  powers  of  ~300  mW  (without  an  HR-coated  back 
facet)  at  up  to 

This  work  is  being  carried  out  in  collaboration  with  Chuck  Moeller  of  the 
Phillips  Laboratory  and  Greg  Dente  of  (X)D  Associates. 

Antiguiding  wide  stripe  lasers 

The  success  with  external  cavity  transverse  mode  filtering  has  led  to  the 
theoretical  analysis  and  design  of  wide  stripe  lasers  with  built-in  hidex  antiguides: 
these  effectively  comprise  distributed  unstable  resont-tors  on  tne  laser  chips.  Two 
designs  have  been  investigated:  the  buried-lenslet  (BL)  and  buried  continuous 
grade  (BCG)  structures. 

The  buried  lenslet  device  embed'  diverging  lenticular  pieces  of  low-index 
material  close  to  the  active  stripe,  creating  a  negative  effective  index  profile  in  the 
lateral  direction.  Theoretical  work  is  underway  in  coL’aboration  with  Dr.  Alan  H. 
Paxton  of  Mission  Research  Corp.,  Albuquerque.  Several  samples  have  been 
fabricated  and  tested,  and  the  initial  results  are  encouraging:  the  better 
(magnification  -4)  devices  showed  single  transverse  mode,  nearly  diffraction 
limited  outputs  to  21^1,  and  100  mW.  Two-point  transverse  coherence  sampling 
measurements  have  been  performed  at  the  Phillips  Laboratory,  showing  -90% 
coherence  over  more  than  50  pm.  A  second  set  of  samples  is  in  process,  covering 
high  »  magnifications  (2-5).  We  are  also  studying  the  trade-off  between 
m'*  'fication  and  laser  threshold. 

The  buried  continuous  grade  device  also  produces  a  negative  effective  index 
profile,  this  time  by  etching  an  appropriate  continuous  lateral  profile  in  GaAs  close 
to  the  active  stripe,  then  overgrowing  with  AlGaAs.  We  have  begun  characterizing 
laser-assisted  chemical  etching  processes  for  producing  these  continuous  profiles: 
several  sample  wafers  have  been  etched  and  studied  by  optical  microscopy  and 
surface  profilometry.  Fabrication  of  complete  devices  will  proceed  when  this 
process  has  been  adequately  characterized. 

This  work  is  being  carried  out  in  close  collaboration  with  Mike  Allen  and 
Craig  Largent  of  the  Phillips  Laboratory,  with  Greg  Dente  and  Mike  Tilton  of  (jCD 
Associates,  and  with  A1  Paxton  of  Mission  Research  Corporation. 

Bow-tie  waveguide  laser  structures 

Another  technique  for  producing  mode  discrimination  is  by  differential 
radiation  losses  at  some  feature  such  as  a  diffraction  coupling  section  or  a  cinched 
waveguide  section.  We  are  studying  an  Ortel  structure  and  a  new  "bow-tie" 
structure.  Wafers  have  been  grown  and  design  calculations  are  underway  to  make 
the  first  devices  for  testing  at  CHTM. 
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This  work  is  being  carried  out  as  part  of  his  research  program  by  Karl 
Dahlhauser,  a  student  at  UNM  as  well  as  an  officer  at  the  Phillips  Laboratory,  in 
collaboration  with  Greg  Dente  and  Mike  Tilton  of  GCD  Associates. 

Modal  characteristics  of  broad-area  lasers 

Recent  progress  in  broad-area  semiconductor  lasers,  with  nearly  5  W  of 
reported  cw  output  power,  demonstrates  that  they  represent  an  attractive 
alternative  to  diode  laser  arrays  for  high-power  applications.  Understanding  the 
lateral  mode  structure  of  these  devices  becomes  therefore  increasingly  important. 
We  have  investigated  experimentally  SONY  carrier-guided  broad-area  lasers  with 
thin  GaAs/AlGaAs  double-heterostructure  active  regions.  These  devices  are  known 
to  operate  in  a  superposition  of  many  lateral  modes  with  complicated  near-field 
patterns  and  broad  double-lobe  far  fields.  However,  our  observations  of  near-  and 
far-field  patterns  indicate  that  much  simpler  modal  configurations  can  exist  near 
threshold.  For  a  50-pm  wide  device  at  room  temperature  (threshold  current  lu,  = 
119  mA),  the  near  field  evolves  from  three  peaks  at  121  mA,  four  at  131  mA,  and  so 
on,  which  corresponds  to  excitation  of  a  combination  of  first  three,  four,  etc.  lateral 
modes.  Combination  of  two  lowest-order  modes  was  observed  at  5*C  for  pumping 
level  of  120  mA  dth  =  107  mA).  Because  of  the  very  small  modal  gain  differences,  no 
single  lateral  mode  can  be  observed  alone.  Similar  measurements  performed  on  a 
200-pm  wide  device  revealed  four  stable  peaks  from  very  low  current  level  (<  5  mA) 
up  to  the  threshold.  We  have  interpreted  these  measurements  assuming  weighted 
combinations  of  individual  modes,  yielding  a  basis  of  unperturbed  broad-area 
modes  important  for  studies  of  perturbed  systems,  such  as  thermal  effects  and 
spatial  redistribution  of  carriers  in  hig^-power  broad-area  lasers  and  carrier-guided 
arrays. 

Side-Mode  Injection  Locking  of  Semiconductor  Lasers 

Hiere  h£is  been  a  growing  interest  recently  in  application  of  injection-locking 
techniques  to  semiconductor  lasers.  A  primary  motivation  for  these  studies  is  the 
prospect  for  application  of  iigection-locked  lasers  in  coherent  optical  communication 
systems.  The  performance  of  such  systems  is  greatly  influenced  by  noise 
characteristics  of  the  light  source.  We  have  conducted  the  first  multimode 
numerical  studies  of  field-noise  spectra  in  injection-locked  semiconductor  lasers. 
Field-noise  spectra  are  important  since  they  carry  direct  information  about 
linewidth  and  lineshape.  In  the  simulations,  we  consider  InGaAsP/InP  index- 
guided  master  and  slave  lasers  emitting  at  -1.54  pm.  The  master  oscillator 
wavelength  is  adjusted  to  match  various  modes  of  the  slave  laser.  First,  stationary 
solutions  of  the  multimode  rate  equations  without  any  noise  terms  are  found  for 
both  the  master  and  slave  oscillators.  These  solutions  are  then  used  as  initial 
conditions  in  simulations  of  temporal  evolution  with  Langevin  noise  terms  included. 
The  temporal  behavior  of  the  master  laser  is  found  first  to  provide  an  injected 
signal  with  a  noise  component  In  addition  to  the  spontaneous  emission  noise  and 


electron  population  fluctuations,  the  injected  signal  also  contains  partition  noise. 
The  multimode  stochastic  rate  equations  with  external  iiyection  terms  are  then 
solved  for  the  slave  laser.  This  allows  us  to  investigate  side-mode  injection  locking 
and  the  competition  between  the  target  mode  and  the  dominant  free-running  mode. 
The  field-noise  spectra  are  obtained  from  the  time-dependent  solution  using  a  fast 
Fourier  transform  algorithm.  The  stable  locking  range  is  predicted  to  increase  with 
the  detuning  from  the  gain  peak.  This  implies  that  better  locking  and  eased 
operational  tolerances  can  be  expected  with  side-mode  injection.  Ihis  prediction  is 
confirmed  by  numerical  simulation  of  noise  spectra  with  different  target  modes. 
While  the  noise  spectra  for  the  peak-mode  iiyection  indicate  poor  locking  of  the  free- 
running  dominant  mode,  the  field-noise  spectrum  of  the  slave  laser  is  almost  a 
replica  of  the  master  oscillator  when  mode  +3  (short-wavelength  side  of  the  gain 
spectrum)  is  chosen.  Thus,  by  proper  choice  of  the  injected  mode,  it  is  possible  to 
achieve  nearly  perfect  locldng.  The  results  are  consistent  with  our  earlier 
calciilations  of  frequency-noise  spectra. 

VERTICAL-CAVITY  SURFACE-EMITTING  LASERS 

Optical  pumping  of  low-threshold  VCSELs 

During  the  last  three  years,  enormous  strides  have  been  made  in  VCSEL 
science  and  technology.  Our  invention  and  refinement  of  the  resonant  periodic  gain 
(RPG)  medium  has  been  critical,  enabling  CW  operation  for  the  first  time.  We  have 
also  been  innovative  in  applying  a  now-standard  VCSEL  technology:  high- 
reflectivify  (>99%)  epitaxial  mirror  growth  and  design.  Our  optical  pumping  studies 
have  produced  single  transverse  mode  operation  up  to  ~15  mW  from  a  8-jun 
diameter  spot,  with  a  threshold  of  -10  mW  of  absorbed  power  at  750  nm.  Because 
of  these  modest  power  requirements,  VCSELs  pumped  by  conventional  edge- 
emitting  diode  lasers  have  been  developed,  with  pump-limited  power  outputs  up  to 
100  mW  quasi-CW;  VCSEL  outputs  are  single  mode  at  low  powers  (<10  mW)  with 
spectral  widths  of  -0.02  nm.  The  diode-pumped  VCSELs  have  been  modulated  at 
gigahertz  rates  by  applying  the  modulating  waveform  directly  to  the  pump  laser. 

Picosecond  optical  pulses  from  VCSELs  have  been  generated  and 
characterized  by  optical  pumping  with  picosecond  dye-laser  pulses.  The  output 
pulseshape  was  obtained  from  the  cross-correlation  of  pump  and  signal  sources. 
The  dependence  of  VCSEL  laser  pulsewidth  and  pump-signal  delay  are  in  good 
agreement  with  a  simple  rate  equation  model  of  the  pulse  formation.  A  cavity 
lifetime  of  8.3  ps,  compared  with  a  gain  medium  transit  time  of  -0.1  ps  is  found  for 
these  very  high-Q  cavities.  These  measurements  have  been  extended  to  double¬ 
pulse  excitation  to  investigate  the  potential  of  these  devices  for  very  high  data-rate 
communications  applications.  The  output  pulses  are  resolvable  for  input  delays  as 
short  as  15  ps. 
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High-power,  large-area  optical  pumping  of  VCSELs 

Using  high-power  dye  lasers,  we  have  investigated  power  scaling  properties 
of  the  optically  pumped  RPG-VCSEL,  investigating  the  results  of  pumping  spots 
from  10  pm  to  several  mm  in  diameter.  GeneraUy,  the  threshold  power  per  unit 
area  did  not  increase,  but  there  were  large  variations  in  this  threshold  power 
density  and  in  the  external  quantum  efficiency  due  to  variations  over  the  wafer 
surfaces.  Using  a  single-shot  Hash-pumped  dye  laser,  we  pumped  areas  up  to  1 
cm^,  achieving  pulse  energies  greater  than  20  mJ  for  500  ns  (duration  limited  by 
pump  laser),  for  peak  powers  in  excess  of  40  kW.  The  spectral  output  was  very 
broad  (envelope  widths  ~1  nm)  and  the  optical  power  conversion  efficiency  was  in 
the  range  20-35%.  Future  efforts  will  emphasize  medium-power  (multi-watt)  diode- 
pumped  compact  VCSELs  and  transverse  mode  Hltering  for  best  spatial  coherence. 
We  will  apply  the  techniques  (external  cavities,  antiguides)  learned  using  edge- 
emitters  to  enhance  the  coherence  properties  of  these  high-power  VCSELs. 

This  work  is  being  carried  out  in  collaboration  with  Cheryl  White  and  A1 
Paxton  of  Mission  Research  Corporation. 

Distributed-feedback  Resonant-Periodic-Gain  Surface-Emitting  Lasers 

The  dramatic  progress  in  vertical-cavity  surface-emitting  lasers  over  the  last 
two  years  has  resulted  in  a  variety  of  novel  device  structures.  Recent  development 
efforts  have  concentrated  on  reducing  the  lasing  threshold  and/or  increasing  the 
maximum  output  power.  A  signiHcant  new  concept,  allowing  to  achieve  gain 
enhancement  in  the  vertical  direction,  was  replacement  of  the  bulk  active  region 
with  narrow  (single-  or  multiple-quantum-well)  layers  in  a  carefully  designed 
Bragg  resonator  such  that  the  positions  of  the  active  layers  coincide  with  antinodes 
of  the  laser  radiation  at  a  designed  wavelength  of  operation.  VCSELs  with  a  single 
active  region  satisfying  this  resonant  condition  are  often  called  microlasers.  A 
simple  extension  of  the  microlaser  concept  leads  to  introduction  of  distributed- 
Bragg-reHector  resonant-periodic-gain  (DBR-RPG)  lasers,  in  which  multiple  active 
regions  are  separated  by  half-wave  spacers.  The  most  recent  advance  in  RPG  laser 
structures,  proposed  and  demonstraed  at  UNM,  is  a  distributed -feedback  resonant- 
periodic-gain  (DFB-RPG)  VCSEL,  where  an  RPG  active  region  is  intercalated  with 
the  multilayer  high  reflectors  (MHRs).  Tbis  design,  shown  schematically  in  Figure 
II-ll,  eliminates  the  need  for  end  reflectors  and  reduces  the  total  thickness  of  the 
device,  while  retaining  all  of  the  characteristic  features  of  the  RPG  medium.  Our 
first  DFB-RPG  VCSEL  GaAs/AlGaAs/AlAs  laser  has  been  fabricated  by  M(XJVD. 
The  device  consists  of  a  stack  of  10-nm  thick  GaAs  single  quantum  wells  separated 
by  half-wave  AlAs/AlgisGa^gsAs  spacers.  The  whole  structure  contains  42.5 
periods,  of  which  24  are  at  the  GaAs  substrate  side  and  18.5  at  the  top.  The  output 
light  is  collected  throu^  the  top  reflector.  The  total  thickness  of  the  DFB-RPG 
structure  is  ~5.5  pm.  For  the  sake  of  comparison,  a  DBR-RPG  laser  with  the  same 
cumulative  active  medium  thickness  and  MHR  reflectivities  would  be  almost  two 
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times  thicker  (~10.5  |un).  A  direct  consequence  of  shorter  cavity  length  is  increased 
longitudinal  mode  spacing.  Compared  to  an  equivalent  DBR-RPG  device,  a 
remarkable  difference  between  the  two  structures  is  the  absence  of  any  side  modes 
within  the  entire  high-reflectivity  band  of  the  DFB-RPG  laser.  The  as-grown 
wafers  were  optically  pumped  using  the  740-nm  output  of  an  Ar-ion-pumped  dye 
laser,  with  the  pumping  beam  diameter  of  10  pm.  The  cw  output  power  of  7  mW 
(without  heat  sinking),  see  Figure  11-12,  is  considerably  hi^er  than  that  obtainable 
from  single-quantum-well  microlasers  and  is  comparable  to  that  of  DBR-RPG 
devices.  The  output  power  density  was  4.5  MW/cm^,  the  hipest  ever  reported  for 
any  semiconductor  laser. 
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Figure  II-ll:  Refractive  index  profile 
of  DFB-RPG  structure  showing 
GaAs  quantum  well  gain 
regions  intercalated  with  the 
X/4  reflector  stack.  The  number 
of  periods  is  reduced  for  clarity. 


Figure  11-12:  Topical  input/output 
curve  for  room  temperature  cw 
optical  pumping  at  740  nm. 


Thermal  properties  of  etched-well  surface-emitting  diode  lasers 

Vertical-cavity  surface-emitting  lasers  are  generating  considerable  interest 
due  to  their  potential  for  integration  into  2-D  arrays.  Efficient  heat  dissipation, 
along  with  ultra-low  threshold,  is  critical  for  applications  such  as  optical 
interconnects  where  massive  integration  is  required.  Yet,  thermal  effects  in 
VCSELs  received  very  little  attention  so  far.  The  only  published  analysis  is  based 


on  assumptions  of  homogeneous  heat  generation  in  the  active  region  and  one¬ 
dimensional  vertical  heat  flow  between  the  active  region  and  a  heat  sink.  Ibese 
approximations  lead  to  overestimated  heating  effects.  In  our  approach,  we  use 
analytical  solutions  for  current  spreading  derived  for  Burrus-type  LEDs.  Tbe  heat 
spreading  problem  is  solved  analytically  using  an  equivalent  electrical  circuit 
technique.  Thermal-electrical  self-consistency  is  achieved  by  an  iterative  process. 
Our  model  provides  a  useful  tool  for  the  design  of  devices  operating  cw  at  room- 
temperature. 

Thermal  waveguiding  in  etched-well  surface-emitting  diode  lasers 

Inherent  single-longitudinal-mode  behavior  and  narrow  non-astigmatic 
output  beams  are  among  attractive  features  of  vertical-cavity  surface-emitting 
lasers.  It  is,  however,  more  difllcult  to  control  their  transverse  mode  structure, 
which  can  involve  many  high-order  modes.  Transverse-mode  behavior  of  VCiSELs 
is  very  poorly  understood,  mainly  because  little  is  known  about  transverse  profiles 
of  complex  permittivity  in  these  devices.  We  have  carried  out  the  first 
comprehensive  study  of  factors  that  determine  the  waveguiding  properties  of 
VCSELs.  The  analysis  has  been  performed  using  a  new  self-consistent  thermal- 
electrical  model  of  VCSELs,  featuring  a  realistic  distribution  of  heat  sources  and 
two-dimensional  current-  and  heat-flux  spreading.  The  device  under  consideration 
is  a  typical  double-heterojunction  GaAs/AlGaAs  etched-well  VCSEL  with  bulk 
active  region.  The  laser  is  assumed  to  have  a  2.5-pm  thick  active  region,  5.5-pm 
long  cavity,  and  a  circular  window  of  lO-pm  diameter  etched  through  the  substrate. 
We  have  examined  distributions  of  ii\}ected  current  density  and  temperature 
profiles,  which  in  turn  determine  the  active-region  permittivity  profile.  Strong 
nonuniformity  of  current  density  indicates  that  etched-well  VCSELs  may  suffer 
from  poor  matching  between  the  optical  field  of  fundamental  transverse  mode, 
which  has  an  intensity  peak  at  r  =  0,  and  the  optical  gain,  which  with  improper 
design  may  be  maximum  at  the  edges  of  the  active  region.  Inhomogeneity  of  cur¬ 
rent  density  can  be  softened  by  increasing  the  donor  concentration  in  the  N-AlGaAs 
cladding  layer.  This  is  due  to  reduction  of  N-AlGaAs  sheet  resistance  resulting  in 
deeper  penetration  of  carriers  towards  the  device  axis.  In  the  limit  of  zero  sheet 
resistance,  a  perfectly  uniform  distribution  would  be  obtained  for  the  entire  active 
region.  Hence,  inhomogeneity  of  carrier-induced  refractive  index  perturbation  can 
be  controlled  by  selecting  proper  N-AlGaAs  doping  level.  Current  density  dis¬ 
tribution  also  influences  temperature  profiles  via  Joule  heating.  While  the  average 
active-region  temperature  remains  nearly  constant  with  varying  N-AlGaAs  doping 
level,  the  actual  temperature  profiles  do  change,  offering  means  to  control  the 
nature  of  thermal  waveguiding  from  antiguiding  to  thermal  focusing.  Depending 
on  specific  application,  either  of  these  effects  may  be  of  interest.  The  ability  to  en¬ 
gineer  thermal  waveguiding  in  etched-well  VCSELs  by  rather  simple  technological 
process  is  a  unique  feature  of  these  devices. 


DIODE  LASER  ARRAYS 

See  also  the  work  on  leal^-mode  diode  laser  arrays  reported  in  the  MOCVD  section. 

Measurements  and  interpretation  of  near-field  phase  fronts  by  shearing 
interferometry 

We  have  proposed  and  demonstrated  a  reliable  technique  for  measuring 
near-field  phase  fronts  of  phased-array  semiconductor  lasers.  Laterally  sheared 
interferograms  are  generated  in  a  Sagnac-type  ring  interferometer  with  zero  optical 
path  difference  between  two  beams,  eliminating  problems  due  to  equal  optical  path 
requirements  in  other  systems.  A  Fourier  transform  method  is  used  to  extract 
phase  difference  information  from  the  nonuniformly  illuminated  interferograms; 
phase  discontinuities  between  adjacent  stripes  of  carrier-guided  laser  arrays  are 
observed.  The  technique  is  suitable  for  high-power  diode  lasers  with  their  short- 
coherence  lengths.  Reconstructed  lateral  phase  fronts  provide  information  about 
the  modal  composition  of  the  array  and  agree  well  with  measured  far -field  patterns. 

Coupling  of  multistripe  arrays  to  external  resonators  with  spatial  filters 

A  high-power  (68  mW  with  output  facet  reflectivity  of  90%  which  corresponds 
to  estimated  266  mW  with  output  facet  reflectivity  of  30%),  on-axis,  single-lobe  far 
field  with  nearly  diffraction-limited  (0.64*)  full  width  at  half  maximum  has  been 
achieved  from  a  ten-stripe  carrier-guided  anti-reflection-coated  laser  array  by 
coupling  to  an  external  cavity  with  a  spatial  filter.  The  in-phase  operation  has  been 
verified  by  wavefront  measurements  using  shearing  interferometry.  The  power 
penalty  for  inserting  a  spatial  filter  in  external  cavity  is  less  than  -'20%.  This 
technique  provides  a  very  attractive  approach  to  achieving  inexpensive  high-power 
fundamental-transverse-mode  laser  sources. 

Theory  of  diffraction-coupled  arrays 

Diffraction-coupled  arrays,  where  in  addition  to  usual  evanescent  coupling  of 
individual  waveguide  modes  further  interaction  is  provided  by  difiraction  in  a 
laterally  unguided  section,  were  proposed  for  operating  in  a  stable,  single  far-field 
lobe.  The  performance  of  these  arrays  is,  however,  very  sensitive  to  the  device 
design,  since  phase  relations  between  adjacent  waveguides  are  critical  for 
supermode  selection.  We  have  developed  a  new  model  of  diffraction-coupled  arrays 
based  on  coupled-mode  theory.  The  eigenmodes  of  the  waveguide  section 
(supermodes)  are  calculated  using  the  improved  coupled-mode  theoiy  which  takes 
into  account  nonorthogonality  of  the  basis  of  unperturbed  waveguide  modes  and 
allows  for  coupling  between  all  of  these  modes.  The  eigenmodes  of  the  system  are 
determined  by  mixing  of  the  supermodes  in  the  diffraction  region.  The  supermode 
mixing  coefficients  are  obtained  by  evaluating  the  reflected  image  at  the  interface 
between  the  guided  and  unguided  sections  of  the  device  using  the  Huygens-Fresnel 
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diflraction  integral.  We  have  applied  the  new  model  to  10*8tripe  GaAs/AlGaAs 
laser  arrays  with  fixed  center-to-center  spacing  of  10-pm  and  various  stripe  widths 
ranging  from  6  pm  to  3  pm.  A  simple-minded  approach,  in  which  beam-optics 
considerations  are  used  to  phase-match  the  nearest  nei^bors,  starts  to  fail  when 
the  length  of  the  unguided  section  is  increased  beyond  30  pm.  Tliis  is  mainly  due  to 
an  increasing  role  of  diffraction  from  furtlier  neighbors.  In  addition,  the  supermode 
mixing  coefficients  are  very  sensitive  to  details  of  the  waveguiding  channel  design. 
For  example,  changing  the  channel  width  from  6  to  4  pm  results  in  significant  side- 
lobes  in  the  far-fleld  pattern.  Also,  the  unguided  section  length  of  ~10  pm  has  to  be 
controlled  to  within  a  fraction  of  micrometer  in  order  to  achieve  single-lobed  far 
fields.  Our  results  show  that  the  improved  coupled-mode  theory,  with  accurate 
treatment  of  diffraction  in  the  unguided  section,  provides  a  valuable  insight  into 
the  mechanisms  governing  the  performance  of  diffraction-coupled  arrays  and  allows 
an  understanding  of  the  complex  interplay  of  evanescent  coupling,  diffraction 
coupling,  and  beam  optics  imaging  occurring  in  these  devices. 

Broad-area  mode-coupling  model  for  carrier-guided  diode  laser  arrays 

The  supermode  theory  often  adopted  to  explain  modal  behavior  of  phased 
array  lasers  is  suitable  only  for  index-guided  arrays,  since  it  requires  a  basis  of 
individual  waveguide  modes.  For  carrier-guided  arrays,  with  no  built-in  lateral 
variation  of  refractive  index,  such  approach  fails  to  predict  correctly  the  number  of 
system  modes  and  their  relative  gains.  It  is  more  appropriate  to  treat  the  carrier- 
guided  array  as  a  perturbed  broad-area  laser,  since  the  number  of  lateral  modes  is 
not  limited  in  this  case  by  the  number  of  array  elements.  Recently,  a  simple  model 
of  carrier-guided  arrays  was  proposed  by  Verdiell  and  Frey  [19xx],  bas^  on  the 
standard  perturbation  theory.  It  assumes  an  infinite  loss  outside  the  active  region 
and  ignores  differences  between  modal  gains  of  all  the  unperturbed  (broad  area) 
modes,  claiming  that  these  simplifications  would  not  affect  the  results  significantly. 
We  have  shown  that  either  of  these  assumptions  has  important  consequences  on 
the  calculated  modal  gains  for  the  array  modes.  Rather  than  using  the 
perturbation  theory,  we  have  followed  the  coupled  mode  formulation,  but  with  a 
basis  of  broad-area  modes  instead  of  individual  waveguide  modes.  An  active  broad- 
area  waveguide  is  considered,  with  the  gain-index  coupling  as  well  as  spatially 
averaged  temperature  effects  included.  The  perturbation  duo  to  array  structure  is 
assumed  in  form  a  raised  sinusoidal  modulation  of  permittivity,  with  gain  maxima 
at  stripe  centers.  A  smooth  half-period  cosine  profile  of  temperature  is  also 
included  in  the  perturbation.  A  comparison  of  the  present  theory  with  earlier 
simplified  perturbation  analysis  corresponding  to  a  limit  of  very  high  loss  and 
constant  reveals  that  the  previous  treatment  is  unreliable  in  predicting  the  modal 
gains  of  high-order  array  modes  (mode  number  larger  than  the  number  of  emitters). 
It  should  be  emphasized  that  these  high-order  modes  usually  dominate  in  carrier- 
guided  arra}rs,  hence  precise  knowledge  of  their  modal  gains  is  very  important  in 
considerations  of  mode  ordering  and  mode  suppression  schemes.  Our  results  reveal 


that  earlier  agreement  between  the  simpIiHed  model  and  experimental  observations 
was  fortuitous.  On  the  other  hand,  broad-area  coupled-mode  theoxy  can  contribute 
to  improved  understanding  of  array  laser  behavior  and  constitutes  an  important 
design  and  interpretation  tool. 

Thermal  focusing  effects  in  carrier-guided  diode  laser  arrays 

We  have  examined  in  detail  the  role  of  active  region  heating  in  carrier- 
guided  diode  laser  arrays,  showing  that  thermal  effects  are  important  for  the  array 
mode  selection.  The  specific  device  type  considered  was  a  uniform  10-stripe 
GaAs/AlGaAs  carrier-guided  array.  The  array  is  regarded  as  a  perturbed  broad- 
area  laser  whose  modes  are  coupled  via  complex-permittivity  perturbations  induced 
by  heating  and  ii\jected  carriers.  Array  modes  are  determined  using  the  coupled¬ 
mode  theory.  The  thermal  perturbation  is  taken  as  a  half-period  cosine  with  center 
value  of  AT,  vanishing  at  the  lateral  claddings.  When  heating-induced  waveguide 
nonuniformity  is  small,  the  dominant  array  mode  is  m  =  10.  Calculated 
temperature  dependence  of  modal  gain  spectra  reveals  that  with  raising 
temperature,  the  highest-gain  mode  shifts  gradually  from  m  =  10  to  m  =  13.  Thus, 
thermal  focusing  results  in  sequential  excitation  of  high-order  modes  with 
increasing  pumping  current.  Calculated  near-  and  far-field  patterns  for  AT  =  4*C 
are  in  excellent  agreement  with  iidection-seeding  experiments,  while  numerical 
simulations  with  AT  =  10*C  give  somewhat  narrower  near  fields  for  m  >  10.  This 
indicates  that  the  active-region  heating  may  not  be  as  severe  as  previously  thought 
Sensitivity  of  the  high-order  modes  to  thermal  focusing  can  be  used  to  establish  the 
actual  temperature  increase  with  good  accuracy. 

Theory  of  nonabsorbing-mirror  diode  laser  arrays 

Nonabsorbing  mirror  (NAM)  GaAs/AlGaAs  arrays  have  been  demonstrated 
by  Spectra-Diode  researchers  to  deliver  thermally  limited  cw  output  powers  as  high 
as  2.4  W  from  a  100-pm  aperture,  l^ically,  these  devices  operate  in  high-order 
array  modes  with  a  double-lobed  far  field.  We  have  shown  that  with  careful  design, 
the  NAM  section  can  be  utilized  to  favor  single  far-field  lobe  operation.  We  treat 
the  NAM  array  as  a  composite  cavity  consisting  of  a  waveguide  region  in  which 
parallel  single-mode  waveguides  are  coupled  through  evanescent  fields  of  guided 
modes,  and  a  uniform  NAM  section  which  provides  furUier  coupling  between 
individual  waveguide  modes  via  diffraction.  The  eigenmodes  of  the  waveguide 
section  (supermodes)  are  calculated  using  the  improved  coupled-mode  theory.  The 
supermode  mixing  coefficients,  determining  the  eigenmodes  of  the  composite  cavity, 
are  obtained  by  evaluating  the  reflected  image  at  the  interface  between  the 
waveguiding  and  uniform  sections  of  the  device  using  three-dimensional  diffraction 
integral.  If  the  phase  difference  between  light  returning  from  the  NAM  section  and 
injected  back  into  any  particular  waveguide  and  its  nearest  neighbor  is  an  integer 
multiple  of  2n,  the  in-phase  supermode  is  reinforced.  On  the  other  hand,  small 
variation  in  the  NAM-section  length  and/or  the  waveguide  spacing  is  sufficient  to 
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change  the  far-fleld  dramatically.  The  performance  of  NAM  arrays  is,  therefore, 
very  sensitive  to  details  of  the  waveguide  structure. 

OPTICAL  SWITCmNG 

VCSEL'based  bistable  optical  switches 

Theoretical  studies  have  indicated  that  VCSEL-like  structures  will  permit 
absorptive  bistable  optical  switching  at  thresholds  a  factor  of  four  lower  than 
conventional  MQW  etalons.  The  proposed  mechanism  is  saturation  (by  carrier 
screening^  of  the  excitonic  absorption,  and  the  nonlinear  absorption  will  be 
optimized  in  the  same  way  as  the  gain  in  a  RPG-VCSEL,  by  maximizing  the  spatial 
overlap  of  the  antinodes  of  the  optical  Held  within  the  etalon  with  the  quantum 
wells.  Experiments  have  been  performed  to  determine  the  excitonic  resonance 
wavelengths,  and  these  data  togther  with  a  model  for  the  quantum  well  absorption 
spectrum  have  been  used  to  design  a  wafer  for  MBE  growth. 

In  future  studies  of  this  phenomenon,  arrays  of  bistable  switches  will  be 
grown  and  characterized,  and  applied  to  problems  requiring  fast  (GHz)  threshold  or 
pulse  coincidence  detection.  A  prime  example  of  such  a  problem  is  time-division 
demultiplexing  of  data  or  sensor  channels. 

Mode  switching  and  beam  scanning  in  twin-stripe  lasers  and  laser 
amplifiers 

The  overall  concept  of  mode  switching  is  to  allow  the  laser  output  to  be 
modified  (switched,  scanned  or  modulated)  without  having  to  switch  the  laser  on  or 
off,  requiring  modulation  of  the  carrier  density.  This  is  a  significant  advantage, 
because  changes  in  carrier  density  are  limited  dynamically  by  the  carrier  lifetime, 
which  is  typically  a  few  ntinoseconds. 

In  the  twin  stripe  laser,  theory  shows  that  linear  beam  position  scanning  or 
bistable  mode  switching  is  possible,  by  adjusting  the  injection  currents  into  the 
stripes,  by  increasing  the  intensity  of  a  beam  coupled  into  one  stripe,  or  by  ii^jecting 
an  optical  trigger  pulse.  An  initial  batch  of  twin  stripe  lasers  has  been  fabricated 
and  is  undergoing  initial  testing. 

Mode  switching  in  grating-coupled  surface-emitters 

Theoretical  studies  have  shown  the  existence  of  spatially  bistable  and 
separable  modes  from  grating-coupled  surface-emitting  (GSE)  lasers.  These  modes 
offer  the  prospect  of  fast  switching  transitions  in  these  devices,  which  are  extremely 
difficult  to  modulate  or  switch  by  conventional  means  owing  to  their  very  long 
photon  lifetimes.  Future  studies  will  concentrate  on  designing  and  testing  (^E 
structures  which  will  oscillate  preferentially  in  such  asymmetric  modes  as  opposed 
to  the  more  usual  symmetric  spatial  output  patterns. 
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NONLINEAR  DYNAMICS  OF  SEMICONDUCTOR  LASERS 

Multi-gigahertz  modulation  of  semiconductor  lasers  and  laser  amplifiers 

Theoretical  and  experimental  studies  of  semiconductor  lasers  modulated  at 
depths  approaching  100%  at  gigahertz  rates  have  been  carried  out,  showing  a 
tendency  to  chaotic  oscillations  via  period  doubling.  It  was  determined  that  these 
tendencies  are  most  pronounced  at  specific  irrational  ratios  between  the  modulation 
and  relaxation  osciUation  frequencies,  but  this  effect  should  not  be  a  problem  in 
conventional  optical  communication  and  sensing  systems  which  use  lower 
modulation  depths. 

This  work  is  in  collaboration  with  Sylvia  Mancha  and  Dave  Gallant  of  the 
Phillips  Laboratory  and  Greg  Dente  of  GCD  Associates. 

Dynamics  of  external  cavity  semiconductor  lasers  and  laser  arrays 

Extensive  theoretical  and  experimental  research  has  been  done  on  the 
dynamics  of  external  cavity  lasers  at  feedback  levels  ranging  from  -80  to  -10  dB  of 
the  emitted  power.  The  problem  of  coherence  collapse,  the  catastrophic  spectral 
broadening  within  a  single  diode  mode  which  can  be  deleterious  for  communication 
or  sensing  systems,  has  been  investigated  in  detail,  demonstrating  a  quasiperiodic 
route  to  deterministic  chaos  in  most  circumstances  and  a  period  doubling  route  in 
certain  special  cases.  In  each  case,  there  are  clear  self-pulsing  precursors  due  to 
feedback-induced  undamping  of  the  relaxation  oscillations  in  the  laser  diode. 

At  higher  feedback  levels,  mode  mixing  effects  in  external  cavity  lasers  with 
small  tilt  misalignments,  or  in  double  external  cavity  lasers,  have  been  studied 
experimentally  and  theoretically.  Several  novel  phenomena  have  been  observed 
and  explained,  including  low-frequency  self-pulsations,  spectral  mode  splitting, 
subharmonic  bifurcations  leading  to  chaos,  and  sudden-onset  transitions  to  chaotic 
or  multimode  states.  Apart  from  the  fundamental  signinc&.ice  of  these  studies  to 
the  science  of  nonlinear  dynamics,  there  are  also  practical  implications  for 
designing  laser-based  systems  in  which  optical  feedback  is  often  inevitable.  Studies 
of  this  kind  are  especially  important  where  high  analog  fidelity  or  low  digital  error 
rates  are  required,  such  as  precision  control,  analog  high-speed  transmission  or 
data  transmission  within  and  between  computers. 

Dave  Gallant  and  Dave  Bossert  of  the  Phillips  Laboratory  and  Greg  Dente  of 
GCD  Associates  have  collaborated  on  this  work. 


Optoelectronie*  Rettarch  CenUr 


jsa. 


EXTERNAL  CAVITY  SEMICONDUCTOR  LASERS:  STABILIZATION, 
METROLOGY 

Longitudinal  mode  stabilization,  linewidth  narrowing 

The  slow  phase  diffusion  processes  which  determine  the  laser  linewidth  can 
be  filtered  effectively  by  a  combination  of  drive  current  and  temperature 
stabilization  in  concert  with  external  optical  feedback  from  either  a  simple  external 
reflector  (mirror  or  gratin^O  Of  &  composite  high-Q  external  resonator  (etalon  or  cell 
containing  a  resonant  medium).  Using  various  combinations  of  these  procedures, 
we  have  obtained  ~10  kHz  linewidths  from  semiconductor  lasers  at  milliwatt  power 
levels,  with  tuning  ranges  of  ~10  nm  centered  at  the  gain  peak.  These  external 
cavity  lasers  are  potentially  useful  for  coherent  optical  communication,  spectroscopy 
or  precision  Doppler  velocimetry  (see  below). 

High  power,  tunable  external  cavity  lasers 

By  careful  AR  coating  and  placement  of  a  wide  stripe  laser  diode  in  a 
dispersive  external  cavity  (e.g.  one  containing  a  diffraction  grating),  we  have 
obtained  pulsed  power  outputs  of  up  to  600  mW  (1  ps,  10  kHz)  in  a  single 
longitudinal  diode  mode  whose  width  has  been  tentatively  measured  at  0.05  nm 
(instrument-limited).  The  tuning  range  was  better  than  30  nm,  and  the  device  was 
extremely  stable  with  respect  to  changes  in  the  drive  current  and  ambient 
temperature. 

Double  external  cavity  laser  studies  , 

Double  external  cavity  lasers  have  been  studied  experimentally  and 
theoretically  for  a  variety  of  purposes:  (1)  to  determine  the  stability  conditions  for  a 
single  external  cavity  laser  with  respect  to  additional  optical  feedback,  (2)  to 
investigate  the  feasibility  of  using  compact  external  cavity  arrangements  for 
effective  mode  stabilization  and  linevridth  narrowing,  and  (3)  to  understand  their 
nonlinear  dynamical  properties. 

(1)  External  cavity  lasers  have  feedback  sensitivities  comparable  to  those  of 
isolated  lasers,  but  it  is  possible  to  minimize  this  sensitivity  by  careful  choice  of  the 
mirror  reflectivity,  internal  facet  reflectivity  and  cavity  length.  This  information 
will  be  useful  in  designing  stable  external  cavity  lasers  for  real  systems  in  which 
feedback  is  unavoidable. 

(2)  A  compact  double  external  cavity  laser  was  designed,  constructed  and 
successfully  tested.  While  a  short  external  cavity  provides  effective  longitudinal 
mode  selection,  it  does  not  provide  effective  linewidth  narrowing;  on  the  other  hand, 
a  long  external  cavity  will  narrow  the  linewidth  of  a  single  mode  but  will  not  select 
that  mode  very  strongly.  As  an  alternative  to  the  grating  external  cavity  (whose 
coupling  strength  is  much  less  than  a  mirror  cavity),  we  first  built  a  combination 
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short  (<1  mm)-long  (10  cm)  cavity  which  provided  ~100  kHz  linewidth  in  a  single 
longitudinal  mode.  To  make  this  structure  more  compact,  we  used  a  combination  of 
two  short  (millimeter)  cavities  with  a  small  phase  offset;  the  vernier  principle  of 
combined  external  cavities  made  this  equivalent  to  a  short-long  combination,  the 
long  external  cavity  length  being  the  least  common  integer  multiple  of  the  two 
actual  cavity  lengths. 

Doppler  velocimetry  using  laser  diodes 

Using  diffuse  reflections  from  a  moving  object  (a  piece  of  paper  on  a 
turntable),  Doppler  backscatter  modulation  of  a  laser  diode  has  been  demonstrated 
theoretically  and  experimentally.  The  resulting  noise  satellite  peak  has  been 
detected  using  a  spectrum  analyzer,  and  velocities  of  ~1-10  m  s*^  have  been 
measured.  Data  have  been  read  out  using  both  an  external  detector  to  monitor  the 
laser  output,  and  using  direct  monitoring  of  the  voltage  across  the  laser  diode  itself. 
A  compact  screened  housing  has  been  built  for  the  laser  Doppler  velocimeter,  and 
sensitivity  measurements  indicate  that  effective  reflections  as  small  as  -65  dB  can 
be  detected.  A  compact  readout  system  using  a  dedicated  mixer  (instead  of  the 
bul^  spectrum  analyzer)  has  been  designed  and  is  under  construction,  and  we  are 
planning  experiments  to  use  the  device  for  measuring  airflow  velocities. 

n.4  DEVICE  INTEGRATION 

Again,  the  difficulty  in  separating  materials  growth  and  processing,  device 
synthesis  and  integration  is  apparent  in  this  section.  Much  of  the  work  on 
electrical  pumping  of  VCSEL  lasers  as  well  as  on  their  integration  with 
phototransistors  and  photothyristors  is  collected  here  with  an  emphasis  on  use  in 
optical  switching  and  interconnection  applications. 

Vertical-Injection  Surface-Emitting  Lasers: 

Vertical-cavity  surface-emitting  lasers  (VCSELs)  are  the  building  blocks  of 
multi-stage,  two-dimensional  optical  networks,  with  potential  applications  in 
photonic  switching,  optical  computing,  and  optical  interconnection  architectures. 
Not  only  are  they  useful  as  individually-addressable  source  arrays,  they  are  also 
the  mqjor  component  in  many  optical  switches  and  logic  modules.  To  perform  their 
multifarious  optical  functions,  the  VCSEL-based  components  must  be  cascadable, 
integrable,  and  be  capable  of  direct  parallel  access.  Their  integrability  into  dense, 
two-dimensional  functional  arrays  is  essential  to  the  realization  of  compact  optical 
networks,  provided  that  the  thermal  dissipation  can  be  reduced  to  a  tractable  level. 
This  presupposes  the  availability  of  high-performance  VCSELs  with  low  operating 
voltage  and  current,  low  series  resistance,  and  high  overall  power  efflcienty.  Most 
of  the  previous  achievements  in  VCSEL  technology  are  deficient  in  these  areas,  due 
in  large  measure  to  their  high  series  resistance.  We  have  made  significant 


improvements  by  using  a  new  VCSEL  structure,  which  has  set  new  benchmarks  in 
electrical  performance  characteristics. 

The  series  resistance  of  a  VCSEL  derives  principally  from:  the  contact 
resistance,  the  spreading  resistance,  and  the  impedance  of  the  heterobarriers 
(mirror  layer  interfaces)  to  carrier  transport.  We  have  successfully  reduced  all  three 
with  a  novel  VCSEL  design.  Our  ability  to  continuously  grade  all  the 
heterointerfaces  by  MCXUVD  growth,  and  thus  minimize  carrier  trapping  and 
scattering,  was  particularly  instrumental  in  reducing  the  series  resistance  of  the 
VCSEL  to  a  heretofore  unheard  of  20-0  level.  The  threshold  voltage  was  also 
reduced  to  the  2.5-3.0-V  range,  which  is  close  to  the  values  required  for 
conventional  5  V  laser  drivers.  VCSELs  with  a  threshold  density  as  low  as  770 
A/cm2  have  been  demonstrated,  again  close  to  the  lowest  value  ever  achieved  by 
any  type  of  surface-emitting  laser.  The  cw,  room-temperature  lasing  characteristics 
are  comparable  to  those  of  state-of-the-art  MBE  results,  with  optical  outputs  up  to 
2  mW,  differential  quantum  efficiency  as  high  as  80%,  and  power  dissipation  as 
low  as  12  mW  per  VCSEL.  The  epilayer  structure  and  the  VCSEL  device 
characteristics  are  summarized  in  Figure  11-13. 

Since  the  VCSELs  are  processed  as  a  two-dimensional  array,  their  individual 
addressability  is  readily  demonstrable.  Their  packing  density,  however,  has  yet  to 
be  determined.  The  uniformity  of  the  MOCJVD-grown  VCSELs  is  presently  not  opti¬ 
mal,  with  thickness  variations  of  ±2%  across  a  2-inch  wafer  producing  a  comparable 
lasing  wavelength  dispersion  (±20  nm).  On  the  one  hand,  this  is  a  shortcoming,  but 
on  the  other  hand,  it  is  also  a  useful  characteristic  that  can  be  exploited  to  good 
purpose  in  an  integrated,  polychromatic  source  array  for  wavelength-division¬ 
multiplexing  system  applications. 

Optical  Switches  And  Logic  Gates  Based  On  VCSELs: 

VCSEL  strengths  (compared  to  surface-emitting  LEDs,  for  example)  include 
their  superior  power  efficiency,  low  beam  divergence,  good  modal  characteristics, 
high  optical  contrast  (between  lasing  and  spontaneous  emission  levels),  high  output 
power,  and  inherent  thresholding  behavior.  These  qualities  are  well-suited  for  a 
two-dimensional  array  of  cascadable,  optical  threshold  switches.  An  efficient 
optical  switch  should  exhibit  high  optical  gain  and  low  switching  energy.  Thus  low 
input  optical  power  is  used  to  switch  on  a  more  powerful  laser  source  without  any 
electronic  intermediary.  The  integration  of  a  heterojunction  phototransistor  (HPT) 
with  a  VCSEL  satisfies  all  of  these  requirements.  A  high  gain  HPT  (^=500)  can 
amplify  the  photocurrent  induced  by  a  relatively  low  input  optical  power  (<  50  pW) 
to  provide  a  collector  current  of  several  mA,  which  is  sufficient  to  drive  a  well- 
designed  VCSEL  above  its  lasing  threshold.  Thus,  with  the  VCSEL  and  HPT  biased 
in  series,  a  low  optical  input  to  the  HPT  can  switch  on  the  VCSEL  from  its 
quiescent  (dark)  state,  characterized  by  weak  spontaneous  e.nission,  to  a  large 
output  power  lasing  state,  thus  achieving  a  significant  optical  gain.  The  lasing 


Figure  11-13:  Epilayer  structure  of  graded-interface  VCSEL.  The  U  and  VI 
curves  are  shown  for  several  device  diameters,  (c)  summarizes  the 
device  performance  as  the  active  diameter  is  varied. 
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We  have  demonstrated  optical  switching  (Figure  11.14)  with  a  HPT/VCSEL 
switch.  The  optical  transfer  characteristic  shows  an  optical  threshold  of  120  pW 
and  a  maximum  differential  gain  of  200.  Since  the  cw  output  is  2.5  mW,  an  overall 
optical  gain  of  20  was  achieved.  The  optical  contrast  is  as  hi£^  as  32  dB.  The 
energy  required  to  effect  switching  is  about  5  pJ.  These  are  by  far  the  best  VCSEL- 
based  optical  switching  results  ever  reported. 

Optical  Logic  Gates  Based  On  HPTA^CSEL  Switches: 

These  optical  switches  have  also  been  used  to  successfully  demonstrate 
various  optical  logic  functions,  such  as  AND,  OR,  and  XOR  (Figure  11.15).  The  last 
gate  is  particularly  important  (and  also  the  most  difficult  to  achieve),  since  the  XOR 
and  AND  gates  are  central  to  binary  arithmetic  operations.  All  the  logic  gates 
consist  of  simple  combinations  of  HPTs  as  input  channels  and  one  VCSEL  output 
port  (2  for  the  XOR  gate).  In  each  case,  the  optical  input  levels  determine  whether 
they  are  individually  or  collectively  siifflcient  to  switch  on  the  VCSEL  in  the  case  of 
AND  and  OR,  and  to  switch  off  the  VCSEL  in  the  case  of  NAND  or  NOR.  For  the 
XOR  gate,  one  of  the  two  VCSEL  outputs  are  turned  on  if  and  only  if  only  one 
input  is  present.  These  have  all  been  demonstrated  experimentally,  with  good  gain 
and  contrast,  as  illustrated  in  Figure  11.15.  The  gates  are  readily  integrable  into 
two-dimensional  optical  logic  arrays  providing  the  parallel  processing  of  many 
different  input  optical  channels.  These  results  are  the  best  experimental  data  on 
VCSEL-based  optical  logic  operation  to  date.  We  have  recently  improved  upon 
these  results  even  further  using  monolithic  integrated  logic  gates.  Plans  for  a  much 
higher  level  of  functional  integration  have  also  been  laid  down  in  the  form  of  a 
compact  binary  adder,  which  utilizes  the  XOR-gate  and  the  AND-gate  to  simulate  a 
multi-channel  chip-level  binary  arithmetic  logic  unit. 

Transverse-injection  Multi-Quantum-Well  Resonant-Periodic-Gain  (MQW- 
RPG)  VCSELs 

The  MQW-RPG  VCSEL  has  demonstrated  excellent  lasing  characteristics 
under  opticed  pumping  conditions.  Although  much  of  the  early  work  on  VCSELs 
had  been  on  transverse-ii\jection  devices,  efficient  cw  lasing  at  room  temperature 
has  been  an  elusive  goal  for  these  structures.  Transverse-ii\jection  is  appealing 
since  it  is  particularly  well-suited  to  the  monolithic  integration  of  VCSELs  into 
arrays  and  other  hybrid  integrated  circuits.  The  enhanced  gain  and  high  efficien<y 
of  an  optically-pumped  RPG  laser  suggest  that  an  electrically-pump  analog  would 
be  highly  desirable.  However,  the  large  separation  between  quantum  wells  makes 
transverse  iiyection  imperative  for  these  structures.  Our  efforts  to  demonstrate  a 
transverse-iiyection  RPG  VCSEL  has  centered  on  two  approaches,  one  based  on  the 
shallow  diffusion  of  ohmic  contacts  into  an  etched-mesa  sidewall,  and  the  other 
based  on  ion-implantation  of  the  contacts.  Material-selective  diffusion  of  the  source 
material  in  the  layers  of  the  heterostructure  at  high  temperatures  has  been  a 
formidable  obstacle  to  the  formation  of  a  p-n  junction  without  incurring  shunt 
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current  paths.  Hie  latter  significantly  increased  the  threshold  current  for  lasing 
and  exacerbated  the  self-heating  problem,  thus  making  room-temperature 
operation  difficult.  Despite  these  difficulties,  we  were  successful  in  demonstrating 
for  the  first  time  the  pulsed  operation  of  a  five-quantum-well  RPG-VCSEL  at  room- 
temperature  (Fig.  11-16).  The  threshold  current  is  45  mA  (9  mA  per  well),  which 
contains  a  large  contribution  from  shunt  currents.  Further  research  is  required  to 
eliminate  the  shunt  current  paths  in  order  to  achieve  cw  operation. 
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Figure  11-14:  Li^t-light  characteristics  of  a  HPT/VCSEL  showing  an  optical 
gain  of  more  than  20. 


Figure  11-16;  Demonstration  of  logic  functions  with  HPT/VCSEL  circuits. 
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SPECTROSCOPY 

A  number  of  spectroscopic  efforts  in  support  of  the  materials,  processing, 
device  and  integration  goals  of  the  AFOSR  OERC  are  reviewed  here. 

GaAs/AlGaAs  laser  facet  passivation  for  elevated  catastrophic  optical 
damage  thresholds 

In  collaboration  with  the  Phillips  Laboratory’s  PILOT  Program,  we  have 
treated  and  tested  over  50  lasers  grown  at  CHTM  for  catastrophic  optical  damage  in 
pulsed  (1  ps)  operation.  The  passivation  treatment  consists  simply  of  dipping  the 
laser  chips  into  an  aqueous  solution  of  a  suitable  sulfide  (sodium  or  ammonium 
salts  have  been  used)  for  a  few  minutes.  Typically  the  damage  threshold  has 
increased  by  a  factor  of  two,  but  there  have  been  large  variations  between  devices. 
The  psissivation  is  seen  to  wear  off  after  2-4  hours.  Future  studies  will  investigate 
the  passivated  surface  chemistry  and  will  involve  vacuum  overcoating  with  an 
impermeable  dielectric  film  for  longevity.  In  particular,  facet  etchback  techniques 
and  surface  Raman  spectroscopy  will  be  employed.  Previous  Raman  and 
photoluminescence  studies  carried  out  at  CHTM  have  demonstrated  a  spectral 
signature,  tentatively  identified  as  amporphous-As,  associated  with  the  passivation. 

Rob  Racicot  of  the  Phillips  Laboratory  is  collaborating  on  this  project. 

Photoacoustic  Spectroscopy  of  Weak  Absorptions 

The  sensitivity  of  surface-photoacoustic-wave  detection  has  been  extended  by 
several  orders  of  magnitude  to  a  surface  specific  absorbance  of  al~10*9  using  narrow 
bandwidth  interdigitated  surface-acoustic  wave  detection  and  an  optical  irradiation 
pattern  that  provides  a  matched  signal.  Major  advantages  include  narrow- 
bandwidth  detection  and  an  increased  irradiated  area  that  permits  more  optical 
energy  on  the  sample.  A  rapid,  nondestructive,  reproducible  liquid-bonding 
technique  has  been  developed  to  permit  extension  of  these  measurements  to  a  wide 
variety  of  substrates.  This  represents  the  highest  sensitivity  yet  achieved  for 
surface  absorption  measurements. 

Spatially  Resolved  Confocal-Photoluminescence  Spectroscopy 

It  is  commonly  thought  that  the  spatial  resolution  of  photoluminescence  (PL) 
in  semiconductors  is  limited  by  carrier  diffusion  lengths,  and  is  thus  less  than  that 
of  a  technique  such  as  Raman  scattering  which  is  limited  only  by  diffraction  to 
lengths  on  the  order  of  an  optical  wavelength.  However,  using  confocal  microscopy 
this  need  not  be  true.  In  confocal  photoluminescence  spectroscopy,  the  PL  is 
imaged  through  a  pinhole  matched  to  the  input  pinhole  that  defines  the  laser 
optical  pumping  geometry.  Only  PL  that  originates  within  the  illuminated  volume 
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is  allowed  to  reach  the  spectrometer  and  detector.  By  translating  the  detection 
pinhole,  PL  originating  from  sample  volumes  excited  by  diffusion  can  be  observed. 
Figure  11-16  shows  the  peak  PL  intensity  observed  from  a  single  GaAs  quantum 
well  contrasted  with  the  reflected/scattered  514.5-nm  pump  light  The  much 
broader  spatial  scale  of  the  PL  directly  displays  the  effects  of  transverse  diffusion  in 
the  quantum  well.  These  measurements  are  being  extended  to  ultrafast  time  scales 
to  directly  measure  carrier  diffusion  constants. 
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Fig.  11-16:  Spatial  resolved  photoluminescence  (PL)  from  a  GaAs  quantum 
well  structure  obtained  in  a  confocal  microscopy  arrangement.  The  x- 
axis  is  the  position  along  the  sample  with  the  input  pump  light, 
obtained  by  scanning  the  confocal  aperture  in  the  collection  optics, 
centered  at  x=0  with  a  width  of  -  1.5  pm.  The  PL  trace  clearly  shows  a 
much  wider  emission  area  as  a  result  of  carrier  diffusion. 
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CASCADABLE  SURFACE-EMITTING  LASER 
LOGIC:  DEMONSTRATION  OF  BOOLEAN 
LOGIC 

InJe.xini/  terms:  Louie  devices,  Opiicol  logic 

We  demonstrate  cascadable  optical  logic  (AND-.  OR-  and 
exclusive  OR-gates|  implemented  with  heterojunction  photo- 
transistors  and  vertical-cavity  surface-emitting  lasers.  We 
also  discuss  an  architecture  for  implementing  binary  arith¬ 
metic  using  cascadable  surface-emitting  laser  logic  devices 
and  optical  symbolic  substitution. 


We  describe  cascadable  optical  logic  gates  (AND,  OR  and 
XOR)  based  on  heterojunction  phototransistors  wire-bonded 
to  vertical-cavity  surface-emitting  laser  (VCSEL)  structures.' 
These  surfaCe-Emitting  Laser  Logic  (CELL)  devices  have 
high  optical  gain  ( >  20  overall,  >  200  differential),  high  on/off 
contrast  (>34dB),  and  low  switching  energy.  We  are  able  to 
realise  optical  logic  functions  such  as  inversion.  AND, 
NAND.  OR,  NOR,  and  XOR,  etc.,  using  only  simple  com¬ 
binations  of  phototransistors  and  VCSELs.  Using  these 
optical  logic  devices,  we  describe  an  architecture  for  imple¬ 
menting  parallel  binary  arithmetic  based  on  optical  symbol 
substitution.^ 

The  optical  Boolean  logic  operations  are  demonstrated 
using  simple  combinations  of  high-gain  AIGaAs/GaAs  npn 
phototransistors  and  low  threshold  AIGaAs/GaAs  VCSELs.' 
The  details  of  the  epitaxial  growth  are  described  in  Reference 
I.  We  electrically  isolated  the  VCSELs^  and  phototransistors 
using  proton  implantations.  A  bilayer  (Au-photoresist) 
implantation  mask  is  also  used  as  a  liftoff  mask  to  form  self- 
aligned  electrical  contacts.  The  input  (output)  apertures  of  the 
phototransistors  (VCSELs)  are  circular  with  tf/on  diameters. 

incident  input  power,  pW 


such  that  they  can  collectively,  but  not  individually,  produce 
enough  current  gain  to  switch  on  the  VCSEL.  In  the  OR-gate 
configuration,  each  optical  input  is  of  sufficient  intensity  to 
produce  enough  current  gain  to  saturate  the  VCSEL  output 
power.  Consequently,  the  OR  gate  can  be  achieved,  using  the 
same  engineer^  structure  as  the  AND  gate,  simply  by  adjust¬ 
ing  the  power  levels  of  the  inputs.  This  situation  is  possible 
because  the  incident  power  level  which  produces  enough 
current  gain  to  drive  the  VCSEL  to  (hresbt^  (^I30^W 
absorbed/ 1 86 >iW  incident)  is  more  than  one  half  the  power 
level  at  which  the  device  saturates  (^160/iW  absorbed/ 
230^W  incident). 
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In  Fig.  I  we  show  the  light  output  against  light  input  charac-  ^ause  the  wide  absc 
teristk  of  the  CELL  device.  The  principle  of  operation  of  the  overlaps  the  emission  wa 

devices  is  as  follows.  When  illuminated,  the  phototransistors  devices  are  cascadable.  ll 

are  switched  from  a  high  collector-emitter  voltage,  low  collec-  digital  optical  computing 

tor  current  ‘off  state  to  a  low  voltage,  high  current  ‘on’  state.  For  this  application,  the  o 

In  the  ‘on’  state,  sufficient  current  is  available  that  the  VCSEL  the  inputs  for  another  s< 

is  driven  to  lasing.  At  greater  than  160/iW  absorbed  (230^W  levels  of  gate  operations 

incident:  sample  is  not  antireflection  coated)  input  optical  be  performed.  For  exam; 

power,  the  current  saturates  and  thus  the  output  power  from  diagram  of  the  circuit  foi 

the  VCSEL  also  saturates.  This  saturation  behaviour  is  desir-  three  CELLs.  Structures 

able  for  digital  optical  logic  so  that  the  ‘on’  state  is  represent-  length  does  not  overlap 

ed  by  a  single  power  level  (binary)  rather  than  by  a  range  of  detector  (e.g.  an  InGs 

output  powers.  Furthermore,  the  CELL  pair  has  very  high  AIGaAs/GaAs  phototran: 

on/off  contrast'  (>34dB)  due  to  the  threshold  behaviour  of  fore  these  devices  cannot 

the  VCSEL.  tectures. 

In  Fig.  2  we  show  the  circuit  configuration  and  the  optical  As  an  example  of  an  0| 
input  and  output  signals  from  the  CELL  circuit  for  AND-  and  how  cascadable  combi 

XOR-gate  operation.  For  the  optical  OR-  and  AND-gate  VCSELs  are  well  suited 

operations,  a  single  CELL  is  used  to  realise  the  Boolean  func-  addition  can  be  implen 

tion  (see  Fig.  2).  To  operate  as  an  AND  gate,  the  intensity  of  AND  and  OR  gates,  bui 

the  optical  inputs  A  and  B  into  the  phototransistor  must  be  optical  logk  inputs.  It  is 
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Fig.  2  Digital  optical  circuit  configurations  and  logic  operations  for 
optical  AND~  and  XOR-gate 

Input  beams  to  gates  are  labelled  A  and  B 

By  configuring  two  phototransistors  and  two  VCSELs  as 
shown  in  Fig.  16,  we  have  also  demonstrated  an  optical  XOR 
gate.  For  this  circuit  configuration,  when  the  optical  inputs  A 
and  B  are  present  or  absent,  the  potential  between  the  photo¬ 
transistors  is  OV  and  therefore  no  current  flows  through  the 
VCSELs  (this  represents  the  OFF  state).  However,  if  only 
optical  input  A  (input  B)  is  present,  then  the  potential  between 
the  phototransistors  is  approximately  -f  Fg(  —  Kg)  and  current 
flows  only  through  the  forward  biased  VCSEL  diode  (thus 
representing  the  ON  state).  Therefore,  for  this  circuit  configu¬ 
ration.  we  obtain  an  optical  XOR  as  shown  in  Fig.  2.  Optical 
inverters,  NOR-  and  NAND-gates  using  combinations  of 
VCSELs  and  phototransistors  can  also  be  realised.  The 
optical  logic  functions  (AND,  OR,  and  XOR)  were  operated 
up  to  2  MHz.  The  speed  of  the  CELL  devices,  which  depends 
upon  the  operating  voltage,  photocurrent,  device  geometry, 
and  the  transient  properties  of  the  VCSELs,  is  beyond  the 
scope  of  this  Letter. 

Because  the  wide  absorption  band  of  the  phototransistor 
overlaps  the  emission  wavelength  of  the  VCSEL,  the  CELL 
devices  are  cascadable.  It  is  therefore  possible  to  implement 
digital  optical  computing  architecture  using  anays  of  CELLs. 
For  this  application,  the  outputs  of  a  set  of  CELLs  are  used  as 
the  inputs  for  another  set  of  CELLs  and  thus  the  multiple 
levels  of  gate  operations  required  for  optical  computing  can 
be  performed.  For  example,  in  Fig.  3  we  show  a  schematic 
diagram  of  the  circuit  for  an  AND-OR-gate  sequence  using 
three  CELLs.  Structures  in  which  the  emitter  emission  wave¬ 
length  does  not  overlap  the  absorption  band  of  the  photo- 
detector  (e.g.  an  InGaAs  VCSEL  integrated  with  an 
AIGaAs/GaAs  phototransistor)  are  not  cascadable  and  there¬ 
fore  these  devices  cannot  be  used  in  optical  computing  archi¬ 
tectures. 

As  an  example  of  an  optical  computing  system,  we  describe 
how  cascadable  combinations  of  phototransistors  and 
VCSELs  are  well  suited  to  implement  binary  arithmetic.  The 
addition  can  be  implemented  using  combinations  of  only 
AND  and  OR  gates,  but  this  would  require  complementary 
optical  logk  inputs.  It  is  much  simpler  to  implement  binary 


addition  using  the  XOR  and  AND  gates,  which  will  directly 
perform  the  SUM  and  CARRY  operations  required  for  the 
realisation  of  a  half  adder  in  a  single  logic  step.  For  binary 
addition,  the  inputs  consist  of  two  Af-bit  words  (two  linear 
arrays)  arranged  as  parallel  rows  of  N-bit  optical  data.  The 
optical  signals  from  the  linear  arrays  are  incident  on  a  I  x  N 
linear  array  of  phototransistors  and  VCSELs  configured  to 
produce  the  required  logic  gates  (XOR  and  AND)  for  the 
binary  addition.  In  this  configuration,  multiple  binary  optical 
words  could  be  added  simultaneously  in  a  two^imensional 
array.  An  N-bit  binary  half  adder  requires  sequencing  the 
optical  data  through  the  AND/XOR  logic  array  N  times.  The 
optical  outputs  of  each  logic  array  provide  the  inputs  for  the 
next  sequential  logic  array,  which  is  repeated  N  times  until  all 
the  CARRY  bits  have  b^n  shifted  from  the  least  significant 
bit  to  the  most  significant  bit,  at  which  point  the  optical  addi¬ 
tion  of  the  input  words  is  complete.  The  required  spatial  shift 
of  the  CARRY  bit  by  one  digit  with  respect  to  the  SUM  bit 
can  be  accomplished  with  digital  optical  logic  arrays  consist¬ 
ing  of  alternating  columns  of  phototransistors  (at  the  input 
plane  of  the  array)  and  VCSELs  (at  the  output  plane).  The 
optical  outputs  from  the  logic  gates  are  from  adjacent  VCSEL 
columns  thereby  producing  the  required  spatial  shift.  These 
spatial  transformations,  called  optical  symbolic  substitution, 
provide  a  flexible  architecture  for  shifting  digital  data  that  is 
central  to  binary  arithmetic.^  Properly  designed,  optical  sym¬ 
bolic  substitution  also  allows  binary  addition  to  take  place  by 
recycling  the  output  optical  data  through  a  single  logic  array 
N  times,  resulting  in  a  highly  compact  system  and  very  signifi¬ 
cant  reduction  of  hardware.^ 

In  summary,  we  have  demonstrated  cascadable  Boolean 
optical  logic  operations  (AND,  OR,  and  XOR)  based  on 
optical  circuits  of  phototransistors  and  VCSELs.  With  the 
proper  circuit  configurations,  a  complete  set  of  optical  logic 


AND  gales  OR  gate 

grni 


FIf.  3  Digital  optical  circuit  configuration  showing  how  AND-OR-gate 
sequence  con  be  implemented  by  cascading  CELL  gates 


functions  can  be  realised.  Although  we  used  discrete  com¬ 
ponents  for  these  demonstrations,  the  phototransistor  and 
VCSEL  devices  are  desigited  to  be  fully  integrable  into  a 
monolithic  structure  to  be  described  in  a  future  publication. 
We  have  also  discussed  a  scheme  for  implementing  optical 
binary  addition  using  symbolic  substitution  and  the  cas¬ 
cadable  CELL  devices.  The  half  adder  described  above  is 
simple,  compact,  and  has  a  relatively  low  component  count. 
The  laser-logic  based  processors  have  distinct  advantages  over 
spatial-light  modulator  based  processors  (such  as  those  based 
on  S-SEEDs)’  for  digital  optical  computing  applications 
because  laser-logic  based  processors  do  not  require  the 
hundreds  of  bias  beams  and  the  associated  optical  engineering 
complexities  necessary  to  implement  spatial-light  modulator 
based  processors. 
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Abstract 

Backscatter-modulation,  also  known  as 
self-mixing,  involves  coherent  mixing  of 
the  frequency-shifted  backscatter  light 
from  a  target  with  the  source  light  to  pro¬ 
duce  an  intensity  modulation.  Measuring 
the  Doppler  shift  allows  determination  of 
the  velocity  of  the  target,  thus  produc¬ 
ing  a  velocimeter.  The  use  of  semiconduc¬ 
tor  lasers  (laser  diodes)  as  the  light  source 
leeds  to  reduced  costs  of  the  system,  as 
well  as  reduced  size,  increased  rugged¬ 
ness,  and  high  efficiency.  The  theory 
of  backscatter-modulation  and  velocime- 
try  using  laser  diodes  as  the  light  source  is 
presented  in  this  paper.  An  experimental 
setup  is  discussed  as  well  as  presentation 
of  the  results. 

Introduction 

The  extensive  use  in  industry,  aerospace 
and  robotics  for  optical  velocimetry  has 
encouraged  the  exploration  of  a  variety  of 
system  strategies.  One  of  these  strategies 
involves  coherent  detection,  in  which  the 
Doppler  shifted  and  backscattered  light 
from  a  target  is  coherently  mixed  with  the 
source  light  to  produce  a  beat-frequency 
intensity  modulation. 

Most  coherent  detection  systems  involve 
some  variaticm  of  unequal-path  interfer¬ 
ometry  and  are  characterized  by  compli¬ 
cated  precision  optics  and  sensitive  align¬ 
ment.  Local  heterodyne  interferometry 


based  on  semiconductor  lasers  has  been 
demonstrated,  making  a  wide  range  of 
low-cost  applications  possible,  including 
velocimetry  with  fiber-optic  coupling  [1] 
and  directional  anemometry  [2].  How¬ 
ever,  the  problems  of  complexity  and  sen¬ 
sitive  alignment  involved  with  interferom¬ 
eters  are  still  present  in  most  laser  ve¬ 
locimetry  systems. 

To  eliminate  the  complexity  and  the 
need  for  precise  alignment,  a  self- 
referencing  system  has  been  introduced 
that  involves  backscatter-modulation.  For 
backscatter-modulation,  a  beat  signal  is 
created  by  introducing  a  portion  of  the 
light  scattered  from  a  target  back  into  the 
source  laser.  Measuring  the  Doppler  shift 
allows  direct  determination  of  the  velocity 
of  the  target,  thus  producing  a  velocime¬ 
ter.  This  approach  has  been  studied  using 
He-Ne  lasers  (3],  CO3  lasers  [4,5],  and  laser 
diodes  [6-9].  The  backscatter-modulation 
method  requires  only  one  lens  to  colli¬ 
mate  the  beam  and  b  self-aligning  due  to 
the  non-directionality  of  the  backscatter. 
Therefore,  it  presents  significant  advan¬ 
tages  over  interferometric  approaches. 

Using  a  semiconductor  laser  (laser 
diode)  as  the  source  reduces  the  size  of 
the  system.  There  b  also  a  strong  cou¬ 
pling  between  the  phase  and  amplitude  of 
the  optica]  field  that  results  in  even  minute 
(-80  dB  or  more)  amounts  of  coherent  ex¬ 
ternal  optical  feedback  causing  noticeable 
changes  in  the  gain  and  oscillating  fre¬ 
quency  of  the  laser.  Furthermore,  laser 
diodes  are  rugged,  efficient,  reliable  and 
inexpensive. 

In  order  to  understand  velocimetry,  it 
b  first  necessary  to  understand  the  char- 
acterbtics  of  laser  diodes.  Then,  the 
change  in  the  laser  characteristics  when 
feedback,  such  as  backscatter,  b  intro¬ 
duced  into  the  laser  diode,  must  be  un¬ 
derstood.  Each  of  these  will  be  addressed 


in  detail,  then  applied  to  velocimetry  by 
laser  diode  backscatter  modulation. 

Semiconductor  lasers 

Laser  diodes  are  forward-biased  p-n 
junction  diode  structures  grown  epitax¬ 
ially  in  direct-gap  senuconductora.  By 
means  of  lattice-matched  semiconductor 
hete’-astructures  [10,11],  built-in  confine¬ 
ment  of  ii^ected  charge  carriers  and  gen¬ 
erated  photons  results,  with  the  injected 
carriers  recombining  across  the  energy  gap 
of  the  semiconductor.  Optical  gain  can 
be  produced  by  stimulated  emission,  once 
the  drive  current  is  sufiicient  to  raise  the 
system  above  the  lasing  threshold,  where 
the  gain  equals  the  loss.  Coherent  exter¬ 
nal  feedback  reduces  the  threshold  condi¬ 
tion,  which  results  in  nearly  simultaneous 
changes  in  the  amplitude  and  phase  of  the 
optical  electric  field. 

Static  Propertici 

The  semiconductor  laser  may  be  consid¬ 
ered  as  a  single  cavity  with  a  gain  medium 
the  length  of  the  diode,  L4.  While  the  op¬ 
tical  beam  is  propagating  it  will  experi¬ 
ence  an  exponential  gain  g  per  unit  length 
from  stimulated  emission  and  an  exponen¬ 
tial  loss  Oin  unit  length  due  to  scatter¬ 
ing  from  defects  and  free  carrier  absorp¬ 
tion.  Choosing  the  cavity  axis  to  be  in 
the  positive  z-direction,  the  optical  elec¬ 
tric  field  obeys 

E(z)  =  E(0)explj^z  +  (g-  oiin)z/2]  (1) 

where  P  is  the  longitudinal  propagation 
constant  of  the  lasing  mode. 

As  with  most  laser  systems,  the  oscillat¬ 
ing  field  must  be  replicated  after  exactly 
one  round  trip.  Applying  the  appropri¬ 
ate  boundary  conditions  to  ensure  round 
trip  replication,  the  oscillating  condition 
for  the  laser  is 

nri  exp|(y  -  a,«)Lrf]  expC/wr^)  =  1  (2) 


where  ri  and  rj  are  the  field  reflectivi¬ 
ties  at  the  ends  of  the  laser  cavity,  and 
Td  =  2Li/Vf  is  the  optical  round  trip  delay 
in  the  laser  diode  cavity,  neglecting  s]x>n- 
taneous  enoission.  If  spontaneous  emission 
were  included,  the  left  side  of  equation  2 
is  slightly  leas  than  unity  when  the  laser 
is  operating.  The  real  part  of  the  las¬ 
ing  equation  (2)  defines  the  solitary  laser 
threshold  gun,  yig,  while  the  imaginary 
part  defines  the  oscillating  frequency,  w  as 
follows 

9-9tk  =  ~  ~  InCrirj)  (3) 

wr  =  2mx  (4) 

for  some  integer  m.  The  two  equations 
must  be  satisfied  simultaneously. 

Dynamic  Propertiez 
The  dynamic  properties  of  the  semi¬ 
conductor  laser  are  described  by  the  rate 
equatioiis  for  the  optical  electric  field  E(t) 
and  the  injected  electron  density  N(t)  and 
for  a  single  lasing  mode  are: 

^  =i(«-n)E+^(j-a,)ll-ya)E  (5) 


dN 

dt 


£ 

ed 


~-Vgg\  E* 


(6) 


where  w  is  the  lasing  angular  frequency, 
n  is  the  cavity  mode  frequency,  Vg  is  the 
group  velocity  of  light  in  the  laser  medium, 
at  is  the  total  loss  coefficient  (including 
the  laser  output),  a  is  the  ratio  of  the 
carrier-induced  changes  in  the  rerd  and 
imaginary  parts  of  the  electric  susceptibil¬ 
ity  in  the  laser  medium  (laser  linewidth 
enhancement  factor),  J  is  the  injected  cur¬ 
rent  density,  e  is  the  electronic  charge,  d  is 
the  thickness  of  the  active  layer,  and  r,  is 
the  spontaneous  electron  lifetime.  Elquv 
tion  5  can  be  separated  into  its  real  and 
imaginary  parts,  representing  the  field  am¬ 
plitude  and  phase  respectively.  Noting 


that  the  photon  density  S{t)  is  proper- 
tional  to  the  square  of  the  field  amplitude, 
S{t)  and  the  field  phase  ^(t)  are  obtuned: 

^  (7) 

^  =  (w  -  n)  +  ^(j  -  at)  (8) 

where  n«p  is  the  spontaneous  emission  fac¬ 
tor  which  depends  on  the  degree  of  ex¬ 
citation  in  the  laser  medium.  The  laser 
linewidth  enhancement  factor  a  quanti¬ 
tatively  measures  the  amount  of  phase- 
amplitude  coupling.  This  phenomenon 
leads  to  many  of  the  unique  dispersive 
and  dynamic  properties  of  semiconductor 
lasers. 

Lasers  with  weak  to  moderate  coher¬ 
ent  backscatter 

Static  Propertiec 

When  coherent  feedback  is  introduced 
back  into  the  laser  diode,  an  external  cav¬ 
ity  is  created  as  illustrated  in  Figure  1. 
The  cavity  considered  for  the  laser  diode 
may  be  extended  to  include  the  entire 
cavity  by  replacing  the  reflectivity  at  one 
end  rj  with  an  effective  reflectivity  r,//. 
The  laser  oscillation  condition  (equation 
2)  then  becomes 

exp[(j  -  exp(iwr)  =  1  (9) 

If  the  external  feedback  is  weak  enough 
that  multiple  round  trip  coupling  may  be 
neglected,  i.e.  |  r^xtr^  |«  1,  then 

r.//  =  r*  +  (1-  I  rj  l’)r„»  exp(ywr„t) 

(10) 

where  rest  is  the  field  reflectivity  of  the 
external  reflector  with  coupling  losses  and 
Ttgt  =  2Lcxi/c  the  optical  round  trip  delay 
through  the  external  cavity  of  length  £«««. 
The  term  (1—  |  rs  |*)  accounts  for  the  light 
transmission  throught  the  laser  facet. 


With  weak  feedback,  |  rgst  |<<|  rj  |, 
the  reflection  coefficients  rj  and  ftgt  may 
be  considered  to  be  real  and  positive.  The 
amplitude  and  phase  of  r*//  may  be  writ¬ 
ten  as 

I  *'•//  1=  '"jU  +  «»(c.;r,rt)J  (11) 

8in(wr,rt)  (12) 

where  the  coupling  coeflicient  to  the  ex¬ 
ternal  cavity  K^gt  is  defined  by 

****  ~  ^  *** 

The  external  feedback  changes  the  las¬ 
ing  frequency  as  well  as  the  threshold  gain. 
The  change  in  the  optical  field  phase  dur¬ 
ing  one  round  trip  is 

=  -aA9L4+(2I-a/v,)Aw-^r,  (14) 

where  Aw  =  w  -  Q  is  the  change  in  the  las¬ 
ing  frequency  and  Ay  is  the  change  in  the 
threshold  gain  due  to  the  external  feed¬ 
back. 

Ay  =  y  -  =  -(Ke.»/£d)cos(wr„«). 

(15) 

Possible  emission  frequencies,  where  the 
phase  condition  is  satisfied,  are  character¬ 
ized  by  A^it  =  0.  From  equations  (14) 
and  (15),  the  frequency  shift  created  by 
the  feedback  can  be  calculated 

Aw  =  w  —  O 

=  («.**Ad)^(l  +  a*) 

sin[wr(si  +  arctan(a)]  (16) 

The  gain  and  frequency  equations  (15, 16) 
are  the  most  important  equations  for  de¬ 
termining  the  static  properties  of  external 
laser  cavity  senuconductor  lasers.  They 
both  have  a  strong  dependence  on  wr,^, 
the  feedback  phase,  which  indicates  that 
both  are  sensitive  to  the  cavity  length 


Dynamic  propcrtiet 

lb  determine  the  dynamic  properties  of 
laser  diodes  with  an  external  cavity,  the 
rate  ewuation  for  the  time^lependent  elec* 
trie  field  is  modified  to  include  the  time 
delayed  feedback 

^  =  ,(w-n)E(0 

+  KE(t  -  r«»)  exp(J<jjrtu) 


with  K  —  Ktxt/u  =  r«{(l-  i  rj  |’)/r4rj. 
The  rate  equation  for  the  carrier  density 
N{t)  remains  unchanged: 


dt  ed 


I  E*  I .  (5) 


Agun,  the  field  equation  can  be  separated 
into  the  photon  density  and  the  optical 
phase: 

dS 

—  =  -  a*)5(t)  + 

+  2ic^(S(t)S(t  -  r.rf)l 
cos{jujrcxt  +  S4)  (18) 

^  =  (w  -  n)  +  ^(j  -  a,) 

-Ky/lSit-rx^)/S{t)] 
Sm{uText  +  S4>)  (19) 

with  =  ^(t)  -  ^(t  -  r*,i). 

In  principle  the  modulation  character¬ 
istics  of  external-cavity  lasers  may  be  de¬ 
scribed  by  studying  equations  5,  18  and 
19.  Steady  state  solutions  of  these  rate 
equations  are  determined  by  setting  all 
the  derivatives  equal  to  zero.  The  re¬ 
sultant  expressions  define  the  feedback- 
induced  gain  and  frequency  changes  and 


are  identical  to  those  obtained  using  the 
effective  reflectivity  model  (equations  15 
and  16).  Since  the  system  of  equations 
is  highly  nonlinear,  the  dynamical  prop¬ 
erties  of  the  external  cavity  laser  are  best 
evaluated  numerically.  The  description  of 
modulation  characteristics  is  much  more 
difiicult  than  for  the  solitary  laser  since 
the  frequency  or  phase  modulation  of  ^(t) 
directly  affects  the  intensity  modulation. 
Therefore,  any  modulation  of  the  injec¬ 
tion  current  yields  a  simultaneous  modula¬ 
tion  of  the  optical  intensity  and  frequency 
which  are  strongly  inter-related. 

Veloclmetry  by  laser  diode  backscat- 
ter  modulation 

Theory 

Now  suppose  that  the  external  reflector 
is  moving  at  a  velocity  v,  assumed  non- 
relativistic,  measured  along  the  laser  axis. 
The  external  cavity  length  is  then  given 
by 

i..i(t)  =  le,i(0)  +  vt  (20) 

where  v  is  positive  when  the  reflector  is 
receding  from  the  laser.  The  frequency 
of  the  backscatter  modulation  is  found  by 
differentiating  the  phase  equation  (19)  and 
is  given  by 

2v 

/•  =  y  (21) 

where  the  subscript  v  indicates  the  func¬ 
tional  dependence  on  the  velocity  and  X 
is  the  free-space  wavelength  of  the  exter¬ 
nal  cavity  laser  emission.  For  very  weak 
feedback  coupling  coefficients,  as  applica¬ 
ble  in  realistic  velocimetry,  A  is  indistin¬ 
guishable  from  the  free-space  wavelength 
Ao  of  the  free-running  laser  diode.  There¬ 
fore,  the  velocity  of  the  external  reflec¬ 
tor  can  be  determined  by  observing  the 
intensity  noise  spectrum  of  the  laser,  or 
an  equivalent  quantity.  The  modulation 
depth  in  the  laser  power  can  be  approxi- 


mated  by 

mv  =  (1  +  a/P)Kt^  (22) 

where  a  is  the  constant  of  proportion* 
ality  between  the  laser  power  P  and 
the  normalized  excess  drive  current  (/  — 
/ix)//(h  above  threshold.  The  phase* 
amplitude  coupling  in  the  semiconductor 
gain  medium  should  generate  significant 
modulation,  which  is  the  primary  reason 
semiconductor  lasers  as  very  suited  to  ve* 
locimetry  applications. 

Experiment* 

The  experimental  arrangement  used  to 
perform  velocimetry  measurements  at  the 
University  of  New  Mexico  is  illustrated  in 
Figure  2.  A  lens  is  placed  after  the  laser 
diode  (Hitachi  HLP*1400)  to  collimate  the 
beam.  The  rotating  target  has  a  diffusely 
refiecting  surface  (plain  white  paper)  and 
is  angled  so  that  there  is  a  velocity  com* 
ponent  parallel  to  the  incident  beam.  The 
Doppler  signal  is  observed  by  placing  a 
30/70  beam  splitter  in  the  external  cav* 
ity  and  monitoring  the  beam  fiuctuations 
with  a  photodiode  connected  to  a  30-dB 
RF  amplifier  and  displayed  on  a  RF  spec¬ 
trum  analyzer.  The  length  of  the  cavity 
was  25  cm,  which  produced  coherent  feed¬ 
back. 

The  velocity  component  involved  in  the 
modulation  is  given  by 

ur  sin  $  (23) 

where  ut  is  the  angular  velocity,  r  is  the 
distance  of  the  beam-incidence  point  tiom 
the  axis  of  rotati<Hi,  and  $  is  the  angle  of 
the  target  rotati(»  axis  with  respect  to  the 
beam  axis.  In  this  experimental  configura¬ 
tion,  the  modulation  velocity  is  varied  by 
changing  the  target’s  angular  velocity  or 
the  angle  of  tilt  with  respect  to  the  beam. 

Figure  3  displays  the  output  of  the  spec¬ 
trum  analyzer  with  a  target  velocity  com¬ 
ponent  of  2.93  m/s  along  the  laser  axis. 


The  large  peak  on  the  left  is  the  frequency 
of  the  local  oscillator  and  is  considered  to 
be  the  reference  (zero)  frequency.  The 
measured  frequency  shift  is  obtained  by 
subtracting  the  frequency  of  the  Doppler 
peak  observed  from  the  analyzer’s  local 
oscillator.  Figure  4  shows  a  comparison 
of  the  calculated  and  observed  frequency 
shifts,  as  the  angular  velocity  of  the  rotat¬ 
ing  target  was  varied.  The  observed  fre¬ 
quency  shifts  are  identical  to  the  expected 
shifts. 

The  velocity  component  that  modulates 
the  laser  is  dependent  on  the  angle  of  the 
target  with  the  incident  beam,  as  shown 
in  equation  21.  Maintaining  a  constant 
rotation  speed,  the  target  angle  was  var¬ 
ied  and  the  results  are  displayed  in  Fig¬ 
ure  5.  At  angles  less  than  10"  (the  target 
surface  nearly  perpendicular  to  the  inci¬ 
dent  beam),  the  signal  was  no  longer  dis¬ 
tinguishable  from  the  system  noise,  due  to 
the  decreasing  magnitude  of  the  velocity 
component  mod'ilating  the  laser. 

Future  Work 

Two  other  methods  for  detecting  the 
Doppler  signal  are  being  investigated: 
placing  the  photodiode  at  the  back  facet 
of  the  laser  diode,  if  the  packaging  per¬ 
mits  transmissbn  in  that  direction,  and 
directly  monitoring  the  variation  of  the 
laser  diode  voltage.  Each  data  extrac¬ 
tion  system  will  be  evaluated  to  determine 
its  limitations  and  sensitivity.  Efforts  will 
also  be  directed  toward  exploring  the  in¬ 
corporation  of  ranging  measurements  into 
the  system  and  replacing  the  spectrum  an¬ 
alyzer  with  less  expensive  and  more  com¬ 
pact  electronics. 
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In  this  paper,  we  describe  the  design  and  operation  of  optical  logic  gates  based  on 
heterojunction  phototransistor  (HPT)  and  vertical-cavity  surface -emitting  laser  (VCSEL)  structures. 
We  call  the  HPT/VCSEL  structure  a  surface-emitting  laser  logic  device.  These  structures  will  find 
use  in  optical  communication  systems  as  well  as  in  parallel  optical  computing  architectures.  We 
illustrate  complete  sets  of  optical  logic  functions,  upon  which  arithmetical  logic  units  (ALU)  are 
based,  and  provide  specific  examples  of  binary  arithmetic  operations  based  on  optical  symbolic 
substitution. 

Two-dimensional  surface- normal  optical  switching  architectures  represent  potentially  very 
compact,  high  throughput,  parallel  processors  that  are  free  from  the  effects  of  electromagnetic 
interference.  These  systems  require  the  development  of  high  speed  photonic  switches  that  are 
compatible  with  a  surface-normal  architecture,  and  which  can  provide  high  optical  gain  and 
contrast,  and  operate  with  low  optical  input  energies.  Direct  optical  addressing  is  particularly 
desirable  since  the  electrical  addressing  of  large  matrices  of  active  devices  necessarily  entails  the 
added  complexity  of  matrix-scanning  and  time-multiplexing.  The  switching  elements  should  not  be 
excessively  sensitive  to  temperature  variations,  external  optical  feedback,  or  polarization  diversity. 
Optical  switches  based  on  the  integration  of  a  HPT  or  pnpn  devices  with  a  VCTSEL  meet  many  of 
these  requirements.  Here,  a  single  device  provides  electronic  amplification,  optical  gain,  switching, 
control  and  logic  with  little  or  no  electronic  intermediary.  It  eliminates  the  need  for  an  additional 
external  optical  source  or  an  optical  bias  beam.  By  varying  the  degree  of  positive  optical  or  electrical 
feedback  between  the  VCSEL  and  HPT,  these  structures  can  function  alternatively  as  an  optical 
amplifier,  an  optical  switch,  or  a  bisuble  logic  or  memory  device. 

Photothyristor-controlled  switching  of  electroluminescence  has  been  demonstrated  by  NEC*  and 
Mitsubishi,*  using  arrays  of  integrated  AlGa.As/GaAs  p-n-p-n  HPT/LED  structures  called  the 
V'STEP  (vertical  to  surface  transmission  electrophotonic  array),  which  demonstrated  optical 
switching  of  LED-like  power  levels  at  data  rates  in  excess  of  l(X)  MB's.  However,  LED-based 
structures  are  inefficient  devices  with  high  drive  current,  low  optical  output,  and  little  or  no  optical 
gain.  Moreover,  the  LED  electroluminescence  is  not  collimated  but  Lambertian,  which  gives  rise  to 
serious  optical  crosstalk  problems  that  become  intractable  for  a  densely-packed  array  in  a  free-space 
optical  system.  A  VtTSEL,  on  the  other  hand,  has  very  low  beam  divergence,  much  higher  radiative 
efficiency,  and  is  capable  of  providing  high  optical  gain  and  contrast*.  VCSELs  exhibiting  low- 
threshold  current  and  high  differential  quantum  efficiency  have  been  demonstrated*,  using  proton- 
implant  current  isolation  and  planar  vertical- injection  device  structures. 

Complete  optical  logic  functions  such  as  inversion,  AND,  NAND,  OR,  NOR,  and  exclusive 
XOR,  etc.,  can  be  realized  using  simple  combinations  of  phototransistors  or  photothyristors  and 
lasers.  The  principle  of  operation  of  the  optical  OR  and  AND  gates  are  shown  in  Fig.  1 ,  while  actual 
demonstrations  of  these  logic  operations  are  shown  in  Fig.  2,  which  displays  the  input  and  output 
optical  pulse  sequences.  In  the  dark,  the  phototransistors  are  in  the  OFF-state,  which  exhibits  a  high 
bias  voltage  and  low  collector  current.  When  the  optical  input  is  suff ^ciently  strong,  and  the  HPT 
gain  is  sufficiently  high,  the  collector  current  exceeds  the  threshold  of  the  VCSEL.  The  HPT  goes 
into  a  low  bias  voltage,  high  conductance  ON-state  and  switches  on  the  VCSEL.  If  multiple  optical 
inputs,  each  of  sufficient  intensity  to  switch  on  the  VCSEL,  are  incident  on  the  HPT,  then  an 
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Parallel  optical  architecture  for  binary  arithmetic  using 
integrated  arrays  of  phototransistor-surface  emitting 

laser  logic  gates 

Julian  Cheng! 


We  outline  a  simple,  compact,  parallel  optical  architecture  for  performing  binary 
addition  using  optical  symbolic  substitution  and  an  integrated  array  of  multi-function 
optical  logic  gates  based  on  heterojunction  phototransistors  (HPTs)  and  vertical- 
cavity  surface-emitting  lasers  (VCSELs).  An  adder  design  leveraging  on  opto¬ 
electronic  integration  is  presented,  in  which  the  component  count,  the  optical 
packaging,  the  number  of  optical  alignments  and  free  space  propagation  have  all 
been  simplified  or  reduced  to  a  minimum.  Cascadable  optical  logic  functions  AND, 
OR  and  XOR  are  demonstrated  using  HPTIVCSEL  logic  gates,  as  are  latching  logic 
functions  using  pnpnIVCSEL  structures. 


1.  Introduction 

Two-dimensional  surface-normal  optical  switching 
architectures  represent  potentially  very  compact,  very 
high  information  throughput,  parallel  processors  that 
are  free  from  the  effects  of  electromagnetic  interfer¬ 
ence.  By  allowing  direct  parallel  optical  access  via  the 
third  dimension,  large  arrays  can  be  addressed  in  real 
time,  rather  than  time-multiplexed,  thus  relaxing  the 
input-output  bottleneck.  These  processor  arrays  may 
serve  as  the  building  blocks  for  a  more  general  optical 
network,  e.g.  as  parts  of  a  parallel  pipeline  in  which 
successive  processors  are  cascaded  and  optically  inter¬ 
connected.  To  provide  for  multiple  fanout,  optical  gain 
at  each  stage  is  highly  desirable.  Each  processor  array 
thus  consists  of  high  speed,  surface-normal  photonic 
switches  that  operate  with  low  input  optical  energies, 
and  provide  high  optical  gain  and  contrast.  To  be 
practical,  they  should  also  be  integrable,  cascadable, 
optically-addressable,  and  their  outputs  reconhgurable. 
Direct  optical  addressing  is  particularly  important  s*nce 
the  electrical  addressing  of  large  matrices  of  active 
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devices  necessarily  entails  the  added  complexity  of 
matrix-scanning  and  time-multiplexing,  with  the  resul¬ 
tant  loss  of  real-time  parallelism.  Moreover,  the  switch¬ 
ing  elements  must  not  be  excessively  sensitive  to  tem¬ 
perature  variations,  external  optical  feedback,  or 
polarization  variations. 

Optical  switches  based  on  the  integration  of  hetero¬ 
junction  phototransistors  (HPTs)  or  p-n-p-n  devices 
with  a  vertical  cavity  surface-emitting  laser  (VCSEL) 
meet  many  of  these  requirements  [1,  2].  Here,  a  single 
device  provides  electronic  amplification  as  well  as 
optical  gain,  switching,  control  and  logic  without  an 
electronic  intermediary.  Such  devices  eliminate  the 
need  for  an  additional  external  optical  source  or  an 
optical  bias  beam,  as  is  necessary  for  devices  based  on 
spatial  light  modulators  (SLMs).  By  varying  the  degree 
of  positive  optical  or  electrical  feedback  between  the 
VCSEL  and  HPT,  these  structures  can  function  alter¬ 
natively  as  an  optical  amplifier,  an  optical  switch,  or  a 
bistable  logic  or  memory  device  {l-3j,  which  will  find 
use  in  optical  communication  systems  as  well  as  in 
parallel  optical  computing  architectures. 

Phytothyristor-controlled  switching  of  electro¬ 
luminescence  has  been  demonstrated  at  data  rates  in 
excess  of  100 MBs"'  using  arrays  of  integrated 
AIGaAs/GaAs  p-n-p-n  HPT/LED  structures  called 
the  VSTEP  (4,  5).  TTiese  LED-based  structures  are 
inefficient  devices  with  high  drive  current,  low  optical 
output,  and  little  or  no  optical  gain  (6).  Moreover,  the 
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optical  OR  gate  is  obtained.  To  operate  as  an  AND-gate,  the  intensity  of  each  optical  input  must  be 
such  that  they  can  collectively,  but  not  individually,  produce  enough  current  gain  to  switch  on  the 
VCSEL.  The  AND  and  OR  gates  are  sufficient  to  carry  out  binary  addition,  but  all  the  other  logic 
functions,  including  the  exclusive  OR  (XOR),  cm  be  implemented  using  only  a  single  logic  level 
without  cascading.  Each  logic  gate  contains  a  single  phototransistor  and  a  single  VCSEL,  except  for 
the  exclusive-OR  gate,  which  is  based  on  a  symmetrical  differential  drive  configuration. 

Boolean  logic  recognizes  a  combination  of  input  bits  and  outputs  one  bit.  Symbolic  substitution,* 
which  is  based  on  optical  pattern  transformations,  recognizes  not  only  a  combination  of  bits  but  also 
their  relative  spatial  configuration.  Thus  it  recognizes  an  input  svmbol.  i.e.  an  optical  pattern  cf  bits, 
and  outputs  another  symbol,  i.e.  a  new  optical  pattern  of  bits.  Because  of  the  added  degree  of 
freedom  represented  by  the  configurational  information,  it  is  well  suited  for  the  high  speed, 
massively  parallel  processing  of  optical  data.  Not  only  are  multiple  patterns  processed  in  parallel,  the 
logical  functions  can  sometimes  be  repeatedly  sequenced  in  parallel.  We  will  illustrate  this  with  the 
example  of  a  two-dimensional  binary  half-adder,  using  a  two-dimensional  array  of 
phototransistor/VCSEL  or  photothyristor/VCSEL  logic  gates. 
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Fig.  !.  Non-latching  optical  AND  (a)  and  OR  (b)  logic  gates  based  on  a  phototransistor  and  a 
vertical-cavity  surface-emitting  laser,  and  their  operating  principles. 


Binary  addition  involves  the  SUM  and  CARRY  operations  and  can  be  simulated  using  only 
AND-  and  OR-gates  (but  this  would  require  complementary  optical  inputs).  It  is  simpler  to 
simulate  these  optically  using  the  exclusive  OR  (XOR)  logic  function.  The  SUM  is  implemented 
with  an  XOR-gatc,  and  the  CARRY  with  an  AND-gate.  Using  symbolic  substitution,  the  states  0 
and  1  are  represented  by  symbols,  i.e.  by  a  VCSEL  in  the  ON-state  or  OFF-state.  To  implement 
binary  addition,  the  inputs  consist  of  two  N-bit  words,  i.e.  two  linear  arrays  of  N  symbols  (optical 
inputs  A  and  B)  arranged  as  parallel  rows  of  optical  bits  (Fig.  3).  The  addition  algorithm  consisu  of 
a  set  of  rules,  which  prescribe  the  pattern  shifts  and  transformations  that  similate  the  SUM  (XOR) 
and  CARRY  (AND)  operations  (see  Fig.  4).  The  result  of  adding  bits  A  and  B  is  to  produce  new 
symbols,  in  which  the  top  half  contains  a  left-shifted  symbol  representing  the  CARRY-bit,  while 
the  bottom  contains  a  right-shifted  symbol  representing  the  SUM-bit.  The  SUM  bit  is  1  only  if  A 
or  B  is  1  (i.e.  A  XOR  B),  while  the  CARRY-bit  is  1  only  if  A  and  B  are  both  1  (i.e.  A  AND  B). 

The  optical  "HALF-ADDER*  hardware  contains  a  two-dimensional  array  of  optical  switches 
enabled  by  an  array  of  input  optical  signals  incident  on  columns  of  photodetectors,  which  in  turn 
are  interleaved  with  columns  of  VCSELs  that  generate  the  optical  output  pattern.  Each  position  in 
the  array  consists  of  two  optical-logic  gates,  AND  and  XOR,  each  of  which  contains  one  or  more 
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HBTs  and  VCSELs.  The  schematic  layout  for  each  element  (bit)  in  a  row  of  this  N-bit  ADDER  is 
depicted  in  Fig.  3,  which  also  illustrates  the  lateral  spatial  shift  in  the  symbolic  substitution  scheme. 
The  switched  VCSEL  outputs  are  shifted  diagonally  as  shown  to  simulate  the  symbolic  substitution. 
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Fig.  2.  Optical  input  and  output  pulse  sequences  for  an  optical  AND-  and  an  OR-gate.  The  VCSEL 
used  in  this  e.xperiment  has  an  oserall  optica!  gain  of  >  20  and  an  on/off  contrast  of  34  dB. 
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Fig.  3.  The  binary  half-adder  based  on  optical  symbolic  substitution  and  its  implementation  using 
HPT/VeSEL  logic.  The  rows  represent  bits  in  a  N-bit  binary  word.  Each  bit  position  contains  an 
and  gate  and  an  XOR  gate,  with  two  diagonally-staggered  optical  output  VCSELs  (SUM  and 
CARRY). 

We  illustrate  binary  addition  in  Fig.  4.  Each  bit  in  the  sum  of  A  4^  B  is  replaced  by  the 
corresponding  left  and  right-shifted  CARRY  and  SUM  bits  (VCSEL  outputs),  thus  replacing  the 
original  rows  of  A  and  B  with  new,  spatially-shifted  symbols  representing  rows  of  CARRY  and 
SUM  b'tt.  These  are  fed  into  the  next  logic  array  to  undergo  another  symbolic  substitution  cycle, 
thereby  producing  a  new  row  of  CARRY  and  SUM  bits.  These  steps  are  repeated  until  there  are  no 
I  bits  left  in  the  CARRY  row. 

The  N-step  symbolic  substitution  procedure  can  be  achieved  by  cascading  N  HPT/VCSEL  logic 
arrays,  but  it  can  also  be  done  by  cycling  the  output  through  the  the  logic  array  N  times  during  a 
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complete  arithmetic  operation.  The  cycling  of  the  2-D  optical  signak  is  achieved  with  the  optical 
scheme  depicted  in  Fig.  4.  However,  this  requires  that  the  logic  array  be  reset  after  each  pass 
through  the  half-adder,  while  preserving  the  previously  generated  optical  outputs  as  the  inpuu  for 
the  next  pass.  This  sequence  requires  a  latching  pnpn/VCSEL  array  and  an  optical  memory  buffer 
array  (see  Fig.  4).  The  latter  consists  of  a  simple  array  of  latching  identity  switches,  i.e,, 
photodetector/laser  switches,  in  which  optical  input  logic  level  of  I  (light  on)  switches  the 
photodetectors  and  thus  the  VCSELs  on.  The  outputs  of  the  optical  logic  processor  (Si)  trigger  the 
memory  buffer  array  (S2),  whose  latched  optical  outputs  "store"  the  switched  optical  data  from  the 
previous  pass.  Switching  the  bias  voltage  on  and  off  clocks  the  logic  unit,  and  initiates  new  passes 
through  the  processor,  while  S2  is  then  erased  (reset)  to  store  the  next  set  of  outputs  from  Si.  A 
maximum  of  N  passes  are  needed  to  complete  an  N-bit  binary  addition.  Thus,  using  a  128  x  128 
array  cycling  at  a  10  ns  clock  rate,  128  pairs  of  64-bit  words  can  be  added  in  parallel  in  less  than 
640  ns. 
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Fig.  4.  The  optica;  ALU  hardware  for  a  multi-pass  binary  half-adder,  which  includes  a  logic  array 
and  a  memory  array.  Also  shown  are  the  rules  for  addition  using  symbolic  substitution  and  an 
example  of  binary  addition  using  the  half-adder. 


Here  we  have  described  binary  addition  using  symbolic  substitution  and  surface-emitting  laser 
logic  devices.  The  half-adder  described  above  is  simple,  compact,  and  has  a  relatively  low- 
component  count.  Full  adders,  which  would  simultaneously  take  into  account  all  CARRY 
operations,  would  speed  up  the  ALU  process  time  by  a  factor  of  N,  (a  single  pass  or  clock  period  is 
required). 
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Figure  1.  (a)  The  operating  principies  of  a  thresholding  optical  switch  based  on  the  series  combination  of  a  heterojunction 
phototransistor  and  a  vertical-cavity  surface-emitting  laser.  (A)  and  (c)  show  the  schematic  and  experimental  thresholding  optical 
transfer  characteristics,  respectively. 


Lambertian  angular  distribution  of  the  LED  electro¬ 
luminescence  gives  rise  to  serious  optical  crosstalk  that 
becomes  intractable  for  a  densely-packed  array  in  a 
free-space  optical  system.  A  VCSEL,  on  the  other 
hand,  has  very  low  beam  divergence  (gaussian  far-held 
width  of  8°)  (7],  much  higher  radiative  efficiency 
(>1.5  mW  c.w.  output)  [8],  and  when  integrated  with  a 
HPT  is  capable  of  providing  high  optical  gain  (>20) 
and  contrast  (>34dB)  (2].  VCSELs  exhibiting  low- 
threshold  current  and  high  differential  quantum 
efficiency  have  been  fabricated  [8],  using  proton- 
implant  current  isolation  and  planar,  vertical-injection 
device  structures. 

In  this  paper,  we  outline  a  new  parallel  optical 
processing  architecture  based  on  the  HBT/VCSEL 
optical  switching  technology.  We  will  demonstrate  the 
operation  of  optical  logic  functions,  upon  which  optical 
arithmetic  logic  units  (ALUs)  are  based.  Specihcally, 
we  discuss  the  horizontal  integration  of  multiple  logic 
functions  on  a  single  chip  to  form  a  monolithic  ALU, 
and  demonstrate  the  logic  gate  designs  that  facilitate 
this  integration.  Based  upon  this,  we  will  provide  a 
specific  example  of  an  optical  computing  architecture 
for  performing  binary  arithmetic  using  optical  symbolic 
substitution  [9]. 

Our  objectives  for  the  optical  system  design  are  to 
achieve  compactness,  minimize  the  optical  and  opto¬ 
electronic  component  count,  reduce  the  complexity  of 


bulk  optical  implementation,  and  maximize  subsystem 
integration  whenever  feasible.  The  excessive  depen¬ 
dence  on  complicated  optical  packaging  [10]  and  on 
critical  optical  alignment  are  anathema  to  the  design  of 
practical  and  reliable  switching  systems.  Free-space 
propagation  should  be  reduced  to  a  minimum  to  avoid 
the  problems  with  timing  skew,  beam  divergence  and 
optical  crosstalk.  To  achieve  these  goals,  we  discard  the 
conventional  approach  of  cascading  sequential  single¬ 
function  logic  arrays,  taking  advantage  instead  on  the 
integrability  of  optoelectronics,  i.e.  by  the  horizontal 
integration  of  multiple  logic  functions  on  a  single  chip. 
Drastic  reduction  in  hardware,  along  with  the  added 
benefits  of  simplified  packaging  and  reduced  optical 
alignment,  can  be  achieved  in  repetitive  operations  by 
recycling  the  output  data  through  a  single  processor. 
We  will  illustrate  the  embodiment  of  each  of  these 
goals  below  by  the  design  of  a  compact  binary  adder. 

2.  Optica!  logic  and  symbolic  substitution 
The  operating  principles  of  a  HPT/VCSEL  optical  logic 
switch  are  illustrated  in  figure  1,  which  shows  the 
electrical  characteristics  of  the  two-terminal  HPT  and 
the  VCSEL  (figure  1  (a)).  These  devices  are  electrically 
connected  in  series,  with  the  VCSEL  serving  as  the 
load  for  the  HPT.  An  optical  input  impinging  on  the 
HPT  generates  an  optically-injected  base  cunent. 
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which  is  amplified  by  a  high-gain  HPT  to  provide  a 
current  source  for  the  VCSEL,  When  the  collector 
current  exceeds  the  threshold  of  the  VCSEL,  the  laser 
is  switched  on.  The  optical  switching  threshold  is  thus 
set  by  the  current  threshold  of  the  laser,  which  deter¬ 
mines  the  threshold-switching  behaviour  in  the  optical 
transfer  characteristic  (figure  1  b)).  The  design  of  the 
logic  gates  is  described  in  [2]  and  the  experimental 
results  are  shown  in  figure  1  (c).The  achievable  optical 
contrast,  i.e.  the  difference  between  the  spontaneous 
emission  level  below  threshold  and  the  high  optical 
output  at  saturation,  is  quite  high  (34  dB).  The  overall 
gain  achieved  in  the  linear  amplification  region,  i.e. 
between  threshold  and  saturation,  is  greater  than  20 
(the  maximum  differential  gain  is  200),  which  allows  a 
significant  optical  fan-out  capability. 

Complete  optical  logic  functions  such  as  inversion, 
AND,  NAND,  OR,  NOR,  and  exclusive-OR  (XOR), 
etc.  can  be  realized  using  simple  combinations  of  HPTs 
or  photothyristors  and  lasers  [2].  The  designs  of  the 
AND,  OR,  and  XOR  logic  gates,  as  well  as  the  actual 
experimental  demonstrations  of  their  operation,  are 
shown  in  figure  2,  (figure  2  displays  the  input  and 
output  optical  pulse  sequences).  In  the  dark,  the  photo¬ 
transistors  are  in  the  OFF-state,  which  exhibits  a  high 
collector-emitter  voltage  and  low  collector  current. 
When  the  optical  input  is  sufficiently  strong,  the  HPT 
exhibits  a  low  collector-emitter  voltage  and  a  high 
collector  current  that  exceeds  the  threshold  of  the 
VCSEL.  If  multiple  optical  inputs,  each  sufficiently 
intense  to  switch  on  the  VCSEL,  are  incident  on  the 
HPT,  then  an  optical  OR-gate  is  obtained.  To  operate 
as  an  AND-gate,  the  intensity  of  each  optical  input 
must  be  such  that  they  can  collectively,  but  not  indi¬ 
vidually,  produce  enough  current  gain  to  swtich  on  the 
VCSEL.  Each  logic  gate,  except  for  the  XOR,  contains 
a  single  phototransistor  and  a  single  VCSEL,  and  all 
the  gates  can  be  implemented  as  a  single  stage  of 
optical  logic  without  cascading. 

The  XOR  gate,  which  produces  an  optical  output 
(logic  state  1)  when  an  optical  input  is  incident  on  only 
one  of  the  two  HPTs,  requi.'-ec  s  symmetrical  configu¬ 
ration,  which  is  shown  in  figure  2(c).  The  differential 
format  allows  the  voltage  at  the  point  connecting  the 
two  HPTs,  and  thus  the  bias  voltage  across  the  two 
VCSELs,  to  go  to  nearly  zero  when  both  HPTs  are  in 
the  ON-state  (1,1)  or  the  OFF-state  (0,0),  thus  produc¬ 
ing  no  optical  output  (logic  0).  When  only  one  HPT  is 
optically  switched  on,  i.e.  in  the  (1,0)  or  (0,1)  state,  this 
voltage  is  shifted  sufficiently  in  either  the  positive  or 
negative  direction  to  bias  one  of  the  two  VCSELs 
above  threshold,  while  reverse-biasing  the  other. 

The  HPT/VCSEL  logic  gates  are  non-latching  in  the 
absence  of  positive  feedback.  By  providing  optical  or 


electrical  feedback,  it  is  possible  to  achieve  iatchable 
optical  switching.  This  can  be  done,  for  example,  by 
replacing  the  HPT  with  a  pnpn  photothyristor  structure 
[3],  which  has  built-in  latching  characteristics.  The 
design  and  switching  characteristics  of  a  Iatchable 
pnpn/ VCSEL  switch  are  described  in  detail  in  (3). 
Figure  3  (o)  and  (b)  illustrate  its  switching  and  optical 
transfer  characteristics,  respectively,  which  show  that 
an  optical  pulse  of  sufficient  intensity  can  switch  the 
photothyristor  from  its  resistive-state  into  its  conduct¬ 
ing  state,  which  then  supplies  enough  current  to  drive 
the  VCSEL  above  its  lasing  threshold.  The  VCSEL 
remains  tumed-on  after  the  optical  switching  pulse  has 
subsided,  provided  that  a  holding  voltage  remains  to 
bias  the  VCSEL  above  its  lasing  threshold.  Latching 
logic  gates  similar  in  design  to  the  non-latching 
HPT/VCSEL  gates  have  been  made,  two  of  which 
(AND  or  OR)  are  shown  in  figure  3  (c)  and  (d).  As  we 
will  shown  below,  the  complement  of  latching  and  non¬ 
latching  optical  logic  gates  greatly  simplify  the  design  of 
an  optical  binary  adder. 


Figure  2.  The  structure  and  experimental  demonstration  of 
optical-logic  gates  (a)  AND,  (b)  OR,  and  (c)  XOR,  based  on 
HPT/VCSEL  optical  switches.  The  photographs  illustrate  the 
input  and  output  optical  pulses.  Note  that  the  baseline  corre¬ 
sponds  to  tbe  iogic-0  state,  while  the  15  |is  wide  pulses  (which 
appear  inverted  in  some  of  the  traces)  correspond  to  the  logic- 1 
state. 
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Figures,  (a)  Optical  transfer  characteristic  of  a  latching 
pnpn/VCSEL  optical  switch  [3],  showing  threshoid  switching 
and  latching.  A  constant  optical  output  intensity  is  maintained 
without  any  holding  power,  (b)  An  input  optical  pulse  switches 
on  the  VCSEL,  which  is  latched  until  the  bias  voltage  is 
reduced  below  a  holding  voltage.  Optical  AND  gate  (c)  and 
NOR  gate  (d)  operation  arc  shown,  with  latching  output 
characteristics. 


Optical  logic  operations  can  only  be  practical  if  there 
is  a  sufficient  input  signal  dynamic  range,  so  that 
moderate  variations  in  input  intensity  can  be  tolerated. 
In  general,  the  input  optical  signals  can  be  pre- 
processed  (digitized)  by  an  array  of  simple  optical 
switches,  whose  switching  thresholds  can  provide  bin¬ 
ary  input  signal  discrimination  while  regenerating 
more-or-less  uniform  optical  signal  outputs.  Still,  there 
remains  a  problem  for  those  logic  gates  with  additive 
inputs,  such  as  AND  and  NAND,  which  is  not  applic¬ 
able  to  those  with  non-additive  inputs,  such  as  OR, 
NOR,  XOR,  or  INVERT.  The  optical  switching  thres¬ 
hold  must  be  readjusted  for  these  gates,  which  can  be 
achieved  by  tuning  the  bias  voltage  to  accommodate 
the  desired  range  of  input  intensities.  The  abrupt 
optical  transitions  of  latching  optical  switches  at  thres¬ 
hold  also  improve  the  input  dynamic  range. 

3.  Optical  binary  adder  using  symbolic  substitution 
In  binary  addition,  the  SUM  and  CARRY  operations 
can  be  implemented  using  only  the  AND-gate  and 
OR-gate,  although  this  would  necessitate  the  use  of 
complementary  optical  inputs  as  well  as  cascaded  multi¬ 
stage  single-function  logic  chips.  The  use  of  cascaded 
multi-stage  logic  implies  increased  optical  hardware 


and  alignment,  which  can  present  formidable  practical 
problems.  These  complications  can  be  avoided  by  the 
monolithic  integration  of  the  AND  and  XOR  logic 
functions  on  a  single  optoelectronic  chip. 

Traditional  Boolean  logic,  such  as  AND  and  NOR, 
recognizes  a  combination  of  input  bits  and  outputs  one 
bit.  Symbolic  substitution  recognizes  not  only  a  combi¬ 
nation  of  bits  but  also  their  relative  spatial  configu¬ 
ration,  and  transforms  the  latter  into  a  new  pattern  of 
bits.  These  spatial  optical  pattern  transformations 
provide  a  flexible  architecture  for  the  shifting  of  digital 
data  that  is  central  to  binary  arithmetic.  The  optical 
output  of  each  stage  must  convey  not  only  the  logic 
information,  but  the  two-dimensional  configurational 
information  as  well,  which  has  been  transformed  by  the 
rules  of  optical  symbolic  substitution  into  a  format 
suitable  for  direct  input  (cascade)  into  the  next  logic 
array.  Properly  designed,  these  spatial  transformations 
allow  binary  addition  to  take  place  by  recycling  the 
output  optical  data  through  a  single  logic  array  N  times, 
resulting  in  a  highly  compact  optica!  system  with  very 
significant  reduction  in  hardware.  We  will  illustrate  this 
later  with  the  example  of  a  two-dimensional  binary 
half-adder,  using  a  two-dimensional  array  of 
HPT/VCSEL  optical  logic  gates  as  described  above  [2). 

In  the  symbolic  substitution  scheme,  the  states  0  and 
1  are  represented  by  optical  symbols,  i.e.  by  a  VCSEL 
operating  above  threshold  (ON-state)  and  below  thres¬ 
hold  (OFF-state),  respectively.  The  inputs  consist  of 
two  V-bit  words,  i.e.  two  linear  arrays  of  N  symbols 
(optical  inputs  A  and  B)  arranged  as  parallel  rows  of 
optical  bits.  The  addition  algorithm  consists  of  a  set  of 
rules  (figure  4(a)),  which  prescribe  the  pattern  shifts 
and  transformations  that  implement  the  SUM  (XOR) 
and  CARRY  (AND)  operations.  The  result  of  adding 
bits  of  A  and  B  is  to  produce  new  symbols,  in  which  the 
top  half  contains  a  left-shifted  symbol  representing  the 
CARRY-bit,  while  the  bottom  contains  a  right-shifted 
symbol  representing  the  SUM-bit.  The  SUM  bit  is  1 
only  if  A  or  B  is  1  (i.e.  A  XOR  B),  while  the 
CARRY-bit  is  1  only  if  both  A  and  B  are  1  (i.e.  A 
AND  B).  The  shifting  of  both  the  SUM  and  CARRY 
bits  is  necessary  because  of  the  logic  circuit  design 
(figure  5),  which  requires  the  HPTs  and  VCSELs  to  be 
laterally  displaced  on  the  logic  chip. 

The  optical  ‘ADDER’  hardware  contains  a  two- 
dimensional,  integrated  array  of  HPT/VCSEL  optical 
switches  (figure  5)  enabled  by  two  rows  of  input  optical 
signals  that  are  incident  on  columns  of  photodetectors 
(HPTs).  The  columns  of  HPTs  are  interleaved  with 
columns  of  VCSELs  that  generate  the  optical  outputs. 
Each  position  in  the  array  consists  of  two  of  the  optical- 
logic  gates,  AND  and  XOR,  each  of  which  contains 
two  HPTs  and  one  or  more  VCSELs  (see  figure  2).  The 
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Figure  4.  (a)  The  rules  of  optical  symboOc  substitution  for  binary  addition,  illustrating  the  lateral  spatial  shifting  of  the  CARRY 
and  SUM  bits,  (A)  example  of  the  binary  addition  of  two  4-bit  words  using  a  half-adder  and  symbolic  substitution,  which  requires  4 
cycles,  and  (c)  schematic  illustration  of  the  bit  configurations  and  their  spatial  transformations  in  the  logic  and  memory  arrays  that 
enable  the  outputs  to  be  optically  folded  (cascaded).  The  arrows  describe  the  spatial  shifts  within  the  logic  and  memory  arrays.  The 
solid  lines  indicate  the  optical  propagation  paths  of  the  CARRY  and  SUM  bits  between  these  two  arrays. 


schematic  layout  for  each  element  (bit)  in  a  row  of  this 
N-bit  ADDER  is  depicted  in  figure  5,  which  also 
illustrates  the  lateral  spatial  shifts  of  the  CARRY  bit 
with  respect  to  the  SUM  bit  by  one  significant  digit  in 
the  symbolic  substitution  scheme.  The  N-bit  optical 
inputs  impinge  on  the  HPTs  on  two  adjacent  rows  of 
the  array,  whose  elements  are  vertically  aligned.  The 
corresponding  logically-switched  laser  outputs  are 
shifted  diagonally  as  shown  to  implement  the  symbolic 
substitution. 

The  binary  addition  of  two  4-bit  words  using  symbo¬ 
lic  substitution  is  illustrated  in  figure  4  (6).  Each  bit  in 
the  sum  of  A  and  B  is  replaced  by  slightly  left-shifted 
and  right-shifted  CARRY  and  SUM  bits  (VCSEL  out¬ 
puts).  Thus  after  the  first  pass,  the  original  inputs  (A 
and  B)  are  replaced  by  new,  spatially-shifted  symbols 
representing  rows  of  CARRY  and  SUM  bits.  The 


addition  of  the  /th  bits  of  inputs  A  and  B  produce  the 
ith  output  CARRY-bit,  which  is  left -shifted  to  lie 
above  the  (i  +  l)th  SUM-bit,  while  the  ith  SUM -bit  is 
right-shifted  to  lie  beneath  the  (f-l)th  CARRY-bit 
(figure  4  (c)  and  figure  5).  This  ends  one  pass  through 
the  logic  array.  In  principle,  the  two  new  rows  of 
optical  CARRY  and  SUM  bits  (VCSEL  outputs)  are 
then  transmitted  (cascaded)  to  another  identical,  space- 
invariant  logic  anay  to  undergo  the  next  symbolic 
substitution  cycle,  thereby  producing  new  rows  of 
CARRY  and  SUM  bits.  These  steps  are  repeated  N 
times  until  all  the  CARRY  bits  have  been  shifted  from 
the  least  signihcant  bit  to  the  most  significant  bit,  at 
which  point  the  addition  is  complete.  The  sequential 
operation  of  the  half-addition  cycles  is  regulated  by 
clock  pulses,  which  enable  successive  logic  arrays  in  the 
cascade  after  suitable  turn-on  delays  that  take  into 
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account  the  various  electronic  turn-on  and  optical  pro¬ 
pagation  delays,  which  could  be  less  than  a  clock 
period. 


4.  Optically-folded  implementation  of  the  binary 
adder 

Since  the  cascaded  logic  arrays  are  identical,  great 
simplification  can  be  achieved  if  the  two-dimensional 
output  optical  signals  are  recirculated  as  inputs  for  the 
same  logic  array.  This  can  be  achieved  with  the  simple 
optical  scheme  depicted  in  figure  6,  which  uses  two  90“ 
prism  reflectors,  plus  two  beamsplitters  for  optical 
input  and  output.  It  is  necessary  to  resect  the  logic 
array  after  each  pass  through  the  half  adder,  while 
preserving  the  previously  generated  optical  outputs  as 
the  inputs  for  the  next  pass.  The  array  is  reset  by 
toggling  the  bias  voltage  on  and  off  during  each  clock 
period.  To  preserve  the  previous  data  while  providing 
enough  of  a  propagation  delay  to  accommodate  the 
finite  (reset)  rise  and  fall  times  of  the  switches,  an 
optical  buffer  memory  array  is  required.  The  latter 


consists  of  two  simple  arrays  of  latching  switches  (i.e. 
latching  photothyristor/VCSEL  switches  or  latching 
HPT/VeSEL  switches),  in  which  an  optical  input  logic 
level  of  I  switches  the  HPT  and  thus  the  VCSEL  to  the 
ON-state.  Two  memory  buffers  are  needed,  one  to 
provide  optical  inputs  for  the  new  passage  through  the 
adder,  while  the  other  is  reset  to  accept  the  new  optical 
output  data.  Different  clock  pulses  alternately  enable 
the  memory  buffers  to  accept  and  store  data,  or  to  reset 
them  in  preparation  for  new  data.  Alternatively,  a 
latching  photothyristor/VCSEL  array  can  replace  the 
HPT/veSEL  array,  and  only  one  memory  buffer 
would  be  required.  In  this  case,  the  outputs  of  the 
optical  logic  processor  triggers  the  buffer  memory 
array,  whose  latched  optical  outputs  ‘store*  the 
switched  optical  data  from  the  previous  pass.  Switching 
the  bias  voltage  on  and  off  clocks  the  logic  unit,  and 
initiates  new  passes  through  the  processor,  while  the 
buffer  is  then  erased  (reset)  to  store  the  next  set  of 
outputs  from  the  logic  unit.  The  HPT/VCSEL  devices 
can  be  operated  in  this  latching  configuration  by  allow¬ 
ing  optical  feedback  between  the  VCSEL  and  HPT 

m 


Figures.  Schematic  iayoul  of  a  HPT/VCSEL  logic  array  designed  for  binary  addition  using  the  symbolic  substitution 
architecture.  Each  bit  (column)  consists  of  a  single  AND-gate  (CARRY)  and  a  single  XOR-gate  (SUM).  The  positions  of  the  HPTs 
and  VeSELs  illustrate  the  implementation  of  the  input-to-outpul  configuration  transformations. 
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Figure  6.  A  three-dimensional  view  of  the  recirculating  binary  half-adder  showing  the  optical  pattern  transformations  that  allow 
the  previous  optical  output  data  to  be  folded  back  (recirculated)  as  the  inputs  of  a  single  logic  array.  Optical  memory  buffers  are 
used  to  store  the  previous  daU.  Clock  pulses  regulate  the  generation,  transfer,  and  storage  of  data  during  successive  cycles. 


Figure  6  illustrates  the  manner  in  which  optical 
symbolic  substitution  reconfigures  the  logic  outputs  to 
permit  the  SUM  and  CARRY  (VCSEL)  outputs  to 
optically  fold  back  and  impinge  upon  the  proper  col¬ 
umns  of  HPTs  in  the  logic  array.  This  is  shown  more 
succinctly  in  the  alignment  diagram  in  figure  4(c), 
which  illustrates  the  bit  alignments  and  the  spatial 
reconfigurations  that  take  place  within  (he  logic  and 
memory  arrays.  The  arrows  indicate  the  spatial  displa¬ 
cements  of  the  optical  outputs  (VCSELs)  relative  to  the 
optical  inputs  (HPTs)  within  the  logic  array,  while  the 
lines  indicate  the  propagation  paths  of  light  between 
the  logic  processor  and  memory  units.  The  shifts  in  the 
memory  array  compensate  the  shifts  in  the  logic  array 
to  enable  the  optical  folding. 


5.  A  compact  optically-integrated  binary  adder 
This  optical-folding  scheme  can  be  further  integrated 
and  simplified  into  a  highly  compact  form,  using  a 
single  beamsplitter,  an  optical  logic  chip  and  an  optical 


memory  chip,  as  shown  in  figure  7.  Each  of  these  chips 
is  mounted  on  a  heat  sink,  and  all  the  optical  inputs  and 
outputs  are  located  at  the  front  (epi)  surface.  TTje  chips 
are  placed  on  two  opposing  facets  of  a  beamsplitter 
cube.  A  two-dimensional  array  of  encoded,  polarized 
optical  input  beams  are  incident  on  the  cube  from  an 
orthogonal  direction,  and  are  deflected  towards  the 
logic  chip,  where  they  impinge  upon  columns  of  HPTs 
to  provide  optical  inputs  for  the  first  pass  of  the  binary 
addition  process.  This  chip  executes  the  optical  logic 
functions  and  the  symbolic  substitution  shifts.  The 
optical  outputs  provided  by  the  VCSELs  then  propa¬ 
gate  across  the  cube  towards  the  appropriate  HPT 
inputs  on  the  memory  chip,  which  contains  an  array  of 
latching,  VCSEL-based  optical  switches.  The  latched 
optical  switches  preserve  the  output  data  as  inputs  for 
the  next  cycle,  while  the  logic  chip  is  reset  (power 
disabled)  for  the  next  pass,  thus  competing  the  first 
cycle  in  the  binary  addition  process. 

When  the  logic  chip  is  empowered  once  again,  the 
outputs  of  the  VCSELs  on  the  memory  chip  initiate  the 
next  round  of  logic/shift  operations.  However,  the 
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memory  chip  must  now  undergo  a  similar  reset  oper¬ 
ation  (power  disabled)  in  preparation  for  the  reception 
of  new  output  data  from  the  logic  array.  This  can  only 
occur  if  the  logic  array  itself  is  latching,  or  at  least  that 
it  possesses  sufficient  persistence  to  preserve  the  newly- 
switched  optical  outputs  while  the  memory  array  is 
reset.  The  latching,  or  persistence,  can  be  achieved  by 
the  use  of  p-n-p-n  photothyristor  logic  gates  [10]. 
Thus  successive  stages  of  the  ^-bit  binary  addition  arc 
regulated  by  clock  signals  that  alternately  disable  and 
then  re-enable  the  power  to  each  chip,  with  a  suitably- 
chosen  temporal  delay  that  permits  each  chip  to  be 
reset  after  each  stage  while  preserving  the  output  data 
from  the  previous  cycle.  The  optical  data  ‘toggles’  back 
and  forth  between  the  two  chips  in  response  to  these 
clock  pulses.  The  polarizing  beamsplitter  cube  splits  off 
a  part  of  the  optical  output  beam  power,  which  emerges 
from  the  facet  opposite  to  the  input  port.  This  provides 
real-time  optical  signals  that  represent  the  output  data 
during  each  stage  of  the  N-pass  binary  addition  process. 

The  propagation  distance  of  the  optical  signals  is 
limited  to  the  width  of  the  beamsplitter  cube,  and  is  not 
cumulative  since  the  signals  are  regenerated  during 
each  pass.  For  high  density  arrays,  a  microlens  array 
may  1^  needed  to  avoid  optical  crosstalk  due  to  a  small 
but  finite  beam  divergence.  The  advantages  of  this 
scheme  are  the  high  degree  of  compactness,  the  drastic 
reduction  of  both  optical  and  electronic  hardware,  and 
the  minimization  of  free-space  propagation  and  optical 


alignment.  Architectural  simplicity  has  been  achieved 
at  the  expense  of  chip  complexity,  which  is  a  much 
more  tractable  problem. 

6.  Summary 

In  conclusion,  we  have  described  the  parallel  execution 
of  binary  arithmetic  in  real-time  using  HPT/VCSEL 
optical-logic  gates  and  an  architecture  based  on  optical 
symbolic  substitution.  The  implementation  of  this  tech¬ 
nology  has  been  illustrated  by  the  example  of  a  highly- 
compact  binary  half-adder.  Experimental  demon¬ 
stration  of  the  latching  and  non-latching  optical  logic 
functions  have  been  achieved,  and  thus  all  the  basic 
building  blocks  of  this  parallel  optical  architecture  have 
been  realized.  Monolithic  integration  of  these  logic 
gate  arrays  and  the  proposed  binary  adder  is  in 
progress. 

In  the  compact  binary  adder  design,  optoelectronic 
component  count  (2  chips  with  microlens  arrays), 
optical  component  count  (1  beamsplitter),  optical 
alignment  (a  single  alignment  of  the  two  chips),  and 
free  space  propagation  (one  pass)  have  all  been 
reduced  to  a  minimum.  More  importantly,  the  real¬ 
time  parallelism  and  compactness  of  optics  have  been 
exploited  to  good  advantage.  In  this  simplified  architec¬ 
ture,  we  have  utilized  optics  only  at  its  strengths  (paral¬ 
lelism  and  compactness),  while  leveraging  the  rest  on 
optoelectronic  integration  with  almost  no  electronic 
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Figure?.  A  compact,  integrated 
scheme  for  the  parallel  binary  addi¬ 
tion  of  multiple  N-bit  words,  show¬ 
ing  the  input  and  output  coupling  of 
two-dimensional  signal  arrays  using 
a  polarizing  beamsplitter,  with  two 
heat-sunk,  latching  logic  and 
memory  chips  that  toggle  optical 
data  back  and  forth  across  the  cube 
during  successive  binary  half¬ 
addition  cycles.  Clock  pulses  regu¬ 
late  the  generation,  transfer,  and 
storage  of  data  during  successive 
cycles. 
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intermediary.  With  a  spatial  period  of  100  pin,  a  single 
128  X  128  logic  array  (0*5"  x  0-5")  cycling  at  a  S  ns  clock 
rate  can  add  128  pairs  of  64'bit  words  in  parallel  within 
320  ns  (384  million  fixed  point  operations  per  second). 
With  larger  chips  (1  sq.  in.)  and  smaller  components, 
1-2  billion  operations  per  second  should  be  feasible. 
Using  the  present-generation  switches  operating  at 
10  V,  2  mA  and  50%  duty  cycle,  or  10  mW  per  switch,  a 
manageable  thermal  flux  of  10^  W  cm"^  will  be  gener¬ 
ated.  The  clock  rate  is  presently  limited  by  the  unlatch¬ 
ing  time  requirement  of  the  buffer  memory  arrays. 
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Wif  outline  an  architecture  for  performing  binary  addi¬ 
tion  by  using  optical  symbolic  substitution  and  opti^  logic 
gates  based  on  heterojunction  phototransistors  arid  vertical- 
cavity  surface-emitting  lasers. 

Two-dimensional  optical  switching  architectures  repre¬ 
sent  potentially  compact,  high-infonnation-throughput,  par¬ 
allel  processors  that  will  be  found  useful  in  optical  commu¬ 
nication  and  optical  computing  systems.  These  systems 
require  the  development  of  high-speed  photonic  switches 
that  are  compatible  with  a  surface-normal  architecture. 

Se  high  optical  gain  and  contrast,  and  operate  with 
put  optical  energies.  Direct  optical  addressing  is 
iilarly  important  because  the  electrical  addressing  of 
large  matrices  of  active  devices  entails  the  added  complmdty 
cd  matrix  scanning  and  time  multiplexing.  Moreover,  the 
switching  elements  must  not  be  excessively  sensitive  to 
external  optical  feedback  or  to  temperature  and  polariza¬ 
tion  variations.  Optical  switches  bas^  on  the  intention  of 
heterojunction  phototransistora  (HPT’s)  or  p-n-p-n  devices 
with  a  vertical-cavity  surface-emitting  laser  (VCSEL)  meet 
many  of  these  requirements.'  Here,  a  single  device  provides 
electronic  amplification  as  well  as  optical  gain,  switching, 
control,  and  logic  without  an  electronic  intermediary.  Sud 
devices  eliminate  the  need  for  an  additional  external  optical 
source  or  an  optioEtl  bias  beam,  as  is  necessary  for  b'^t- 
modulator-bas^  devices.  In  this  paper  we  describe  the 
design  and  demonstration  of  HPT/VCSEL  optical  logic 
gates  and  outline  the  horizontal  integration  of  m\iltiple 
logic  functions  on  a  single  chip  to  form  a  monoUthic 
arithmetic  logic  unit.  Based  on  this,  we  provide  a  specific 
example  of  an  optical  computing  architecture  for  periorm- 
ing  binary  arithmetic  by  using  optical  symbolic  substitu¬ 
tion.* 

Photothyristor-controlled  switching  of  electrolumines¬ 
cence  has  been  demonstrated  at  data  rates  in  excess  of  100 
MB/s  by  using  arrays  of  integrated  AlGaAs/GaAs  p-n-p-n 
HPT/li^t-emitting  diode  (LED)  structures  called  the 
VSTEP.*^  These  LED-based  structures  are  inefficient  de- 
vices  with  high  drive  current,  low  optical  output,  and  little 
f  or  no  optical  gain.*  Moreover,  the  LED  electroluminescence 
is  not  collimated  but  is  Lambertian,  which  gives  rise  to 
aerious  optical  cross  talk  that  becomes  intractable  for  a 
densely  packed  array  in  a  bee-space  optical  system.  A 
VCSEL  on  the  other  hand  has  low  beam  (fivergence  [Gaus¬ 
sian  far-field  width  of  8*.  (Ref.  6)]  and  a  much  higher 
radiative  efficiency  (>1.5  mW  cw  out^t),’  and,  when 
integrated  with  a  HPT,  is  capable  of  providing  high  optical 
gain  (>20)  and  contrast  (>34  dB).*  VCSEL’s  exhibiting 
low-threshold  current  and  high-differential  quantum  effi¬ 
cient  have  been  fabricated*  by  using  proton-implant  cur¬ 
rent  isolation  and  planar,  vertical-ii^ection  device  struc¬ 
tures. 

Complete  optical  logic  functions,  such  as  inversion,  and, 


HAND,  OR,  NOR,  and  excIusive-OR  (XOR),  can  be  realized  by 
using  simple  combinationa  of  HPT’a  or  photothyristors  and 
lasers.  The  designs  of  the  AND^  OR,  and  XOR  logfc  gates,  as 
well  as  the  actual  experimental  demonstrations  of  their  ^ 
operations,  are  shown  in  Fig.  1.  In  the  dark,  the  HPTs  are  ^ 
in  the  off  state,  which  exl^ita  a  hi^  ooDector-emitter 
voltage  and  low  collector  current.  When  the  optical  input  is 
sufficiently  strong,  the  HPT  exhibits  a  low  collector- 
emitter  voltage  and  a  high  collector  current  tb«»t  exceeds 
the  threshold  of  the  VCSEL.  If  multiple  optical  inputs, 
sufficiently  intense  to  switch  on  the  VCSEL,  are  incident 
upon  the  HPT,  then  an  optical  OR  gate  is  obtained.  For  AND 
gate  operation,  the  intensity  of  ea^  optical  input  must  be 
such  timt  the  inputs  can  collectively,  but  not  individually, 
produce  enough  current  gain  to  swit^  on  the  VCSEL. 
logic  gate,  except  the  XOR,  contains  a  single  HPT  and  a 
single  VCSEL,  and  all  the  gates  can  be  implemented  u  a 
single  stage  of  optical  logic  without  cascading. 

Binary  addition  can  be  implemented  hy  using  only  the 
AND  and  OR  gates,  although  this  would  necessitate  the  use  of 
complementary  optical  inputs  and  cascaded  multistage 
single-function  logic  chips,  with  the  attendant  problems  of 
increased  optical  hardware  and  alignment  These  complica¬ 
tions  are  avoided  by  the  monolithic  integration  of  and  and 
XOR  logic  functions  on  a  single  wafer.  The  xOR  gate  (Fig.  1), 
which  produces  an  optical  output  (logic  staie  1)  when  an 
optical  input  is  incident  upon  only  one  of  the  two  HPT’s, 
requires  a  symmetrical  configuration,  which  is  shown  in 
Fig.  1(c).  The  differential  format  allows  the  voltage  at  the 
point  coimecting  the  two  HPT's,  and  thus  the  bias  voltage 
across  the  two  VCSEL’s,  to  go  to  nearly  zero  when  both 
HPT’a  are  in  the  ON-state  (1. 1)  or  the  off  state  (0, 0),  thus 
producing  no  optical  output  (logic  0).  When  only  one  HPT  is 
optically  switched  on,  that  is,  in  the  (1, 0)  or  the  (0. 1)  state, 
this  volta^  is  shifted  sufficiently  in  either  the  positive  or 
the  negative  direction  to  bias  one  of  the  two  VCSEL’a  alxm 
threshold,  while  reverse  biasing  the  other. 

Traditional  rk)olean  logic  recognizes  a  combination  of 
input  bits  and  outputs  one  bit.  Symbolic  substitufion 
recognizes  not  only  a  combination  of  bits  but  also  their 
relative  spatial  configuration  and  transforms  the  latter  into 
a  new  pattern  of  output  bits.  These  spatial  transformations 
provide  a  flexible  aixhitecture  for  the  shifting  of  digital/^ 
data,  which  is  central  to  bina^  arithmetic,  ^e  opticalV^ 
outputs  of  each  stage  conv^  logic  as  weU  as  configurational 
information,  which  has  been  transformed  by  the  rules  of 
optical  symbolic  substitution  into  a  format  suitable  for 
direct  input  into  the  next  logic  array.  Properly  designed  rib* 
these  spatial  transformations  enable  binary  Edition  to 
occur  by  recycling  the  output  optical  data  through  a  sin^e 
logic  array  N  times,  resulting  in  a  highly  compact  optical 
lystem  with  significant  reduction  in  hardware.  We  illus¬ 
trate  this  with  the  example  of  a  binary  half-adder,  using  a 
two-dimensional  array  of  HPT/VCSEL  optical  logic  gates  as 
described  above.' 

The  logic  states  0  and  1  are  represented  by  a  VCSEL 
operating  above  threshold  (on-state)  and  below  threshold 
(off-state),  respectively.  The  inputs  are  twoN-bit  words  (A 
and  B)  arranged  as  parallel  rows  of  optical  bits  that  impinge 
upon  the  HI^’s  at  two  a^acent  rowa  of  the  array,  whose 
elements  are  vertically  aligned  in  a  column.  These  are  in 
turn  interleaved  with  columtu  of  VCSEL’s  that  generate 
the  optical  outputs  (Fig.  2).  Each  position  in  the  arraj^M 
ooiuista  of  two  optical  logic  gates,  AND  and  XOR,  each  of^’’^ 
which  contains  two  HPT'a  and  one  or  more  VCSEL’s  (see 
Fig.  1).  The  addition  algorithm  consists  of  a  set  of  rules 
(Fig.  3(A)],  which  prescribe  the  pattern  shifts  that  imple-ft3^ 
ment  the  SUM  (XOR)  and  CARRY  (Am)  operatioiu.  The  re^ 
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Fi*.  1.  Optical  logic  gates  (a)  and.  (b)  OR,  and  (c)  xor,  based  on 
HPT/VCSEL  optical  switches.  The  photographs  illustrate  the 
input  and  output  optical  pulses. 

of  adding  each  bit  of  A  and  B  is  to  produce  new  symbols,  in 
which  the  top  half  contains  a  left-shifted  symbol  represent¬ 
ing  the  CARRY  bit,  whereas  the  bottom  contains  a  ri^t- 
shifted  symbol  representing  SUM  bit.  The  addition  of  the  i  A 
bits  of  inputs  A  and  B  produces  Ae  ith  output  CARRY  bit, 
which  is  left-shifted  to  lie  above  Ae  (» DA  SUM  bit, 
whereas  the  ith  SUM  bit  is  right  shifted  to  lie  beneath  Ae 
(i  -  DA  CARRY  bit  [Figs.  2-3(0].  The  SUM  bit  is  1  only  if  A 
or  B  is  1  (i.e.,  A  XOR  B),  whereas  the  carry  bit  is  1  only  if 
both  A  and  B  are  1  (i.e.,  A  AND  B).  The  shifting  of  eaA  of  Ae 
SUM  and  CARRY  bits  by  one  significant  digit  is  an  essential 
part  of  the  binary  addition  process. 

The  binary  addition  of  two  4-bit  words  with  symbolic 
substitution  is  illustrated  in  Fig.  3(B).  EaA  bit  in  the  sum 
oa  A  and  B  is  replaced  by  slightly  left-  and  right-shifted 
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Fig.  2.  Layout  of  a  HPT/VCSEL  logic  array  for  binary  addition  by 
using  symbolic  substitution,  illustrating  the  input-to-output  config¬ 
uration  transformations. 
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Fig.  3.  (A)  The  rules  of  optical  symboUc  substitution,  (B)  binary 
addition  of  two  4-bit  words  using  a  half-adder,  and  (C)  spatial 
transformations  of  Ae  bit  configuratioiu  in  Ae  logic  and  memory 
arrays  that  enable  Ae  outputs  to  be  folded  optically. 

CARRY  and  SUM  bits  (VCSEL  outpuA).  After  eaA  pass,  Ae 
original  inpuA  (A  and  B)  are  replaced  by  spatially  shifted 
symbols  representing  new  rows  of  CARRY  and  SUM  bits, 
whiA  are  transmitt^  to  Ae  next  (identical)  logic  array  as 
inpuA  for  Ae  next  pass.  These  steps  are  repeated  Af  times 
until  all  Ae  carry  bits  have  been  shift^  to  Ae  most 
significant  bit,  at  whiA  point  Ae  addition  is  complete.  The 
sequential  operation  of  Ae  half-addition  cycles  is  regulated 
by  clock  pulses,  which  permit  successive  logic  arrays  in  Ae 
cascade  after  stuteble  turn-on  delays  that  take  into  account 
Ae  various  electronic  turn-on  and  optical  propagation 
delays,  whi  A  could  be  less  Aan  a  clock  period. 

B^use  Ae  cascaded  logic  arrays  are  identical,  great 
simplification  can  be  achieved  if  Ae  2-dimensional  output 
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Optical  signals  are  recirculated  as  new  inputs  for  the  same 
logic  array.  Figure  4  illustrates  a  simple  scheme  in  which 
optical  symbolic  substitution  reconfigures  the  logic  outputs 
to  permit  the  SUM  and  carry  (VCSEL)  outputs  to  fold  back 
optically  and  impinge  upon  the  proper  columns  of  HPT’e  in 
a  sin^e  logic  array.  Figure  3(C)  shows  more  succinctly  the 
bit  alignments  and  spatial  reconfigurations  that  take  place 
within  the  logic  and  memory  arrays.  The  arrows  inrhcate 
the  spatial  displacements  of  the  optical  outputs  (VCSEL’s) 
relative  to  the  optical  inputs  (HPT's)  within  the  logic  amy, 
whereas  the  lines  indicate  the  propagation  paths  of  li^t 
between  the  logic  processor  and  memory  units.  The  ehifls 
in  the  memory  array  compensate  the  shifts  in  the  logic 
array  to  permit  the  optica]  folding. 

TUs  recycling  scheme  uses  two  90*  prism  reflectors,  plus 
two  beam  splitters  for  optical  input  and  output.  It  is 
necessary  to  reset  the  logic  array  after  each  pass  throu^ 
the  half-adder,  while  preserving  the  previoruly  general^ 
optical  outputs  as  the  inputs  for  the  next  pass.  The  logic 
array  is  reset  by  toggling  the  bias  voltage  on  and  off  during 
each  clock  period.  Preserving  the  previous  data  while 
providing  enough  of  a  propagation  dday  to  accommodate 
the  finite  (reset)  rise  and  f^  times  of  the  switches  requires  /) 
an  optical  buffer  memory  array.  This  coruists  of  two  simple 
arrays  of  latching  HPTA^CSEL  or  p-n*p-n/V(3SEL  switches, 
in  which  an  optical  input  logic  levd  of  1  switches  the  KPT, 
and  thus  the  VCSEL,  to  the  on  state.  Two  memory  buffers 
are  needed,  one  to  provide  optica]  inputs  for  the  new 
passage  through  the  adder  while  the  other  is  reset  to  accept 
the  new  opticd  output  data.  Different  clock  pulses  alter* 
nately  enable  the  memory  buffers  to  accept  and  store  data 
or  to  reset  them  in  preparation  for  new  data.  The  ou^ts  of 
the  logic  processor  trigger  the  buffer  memory  array,  whose 
latch^  optical  outputs  store  the  switched  optical  datm  ttom 
the  previous  pass.  Switching  the  bias  voltage  on  and  off 
doc!  s  the  logic  unit  and  initiates  new  passes  through  the 


latching  photothyristorA^CSEL  logic  array  can  replace  the 
HPTA^CSEL  array,  and  then  only  one  memory  buffer 
would  be  required.  This  two-chip  arrangement  permits  a 
much  more  compact  scheme  requiring  only  a  single  polariz¬ 
ing  beam  splitter  to  be  used,  in  which  the  optical  data 
toggles  back  and  forth  between  the  two  chips  in  response  to 
proper^  timed  dock  pulses. 

In  condusion,  we  have  described  binary  arithmetic  nuing 
HPT/VCSEL  optical  logic  ptes  and  an  architecture  based 
on  optical  symboUc  substitution.  The  implementation  of 
this  technology  has  been  illustrated  by  the  example  of  a 
highly  compact  binary  half-adder. 
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Coupled  broad-area  mode  theory  of  gain-guided  laser  arrays 
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Multiple-stripe  semiconductor  laser  arrays  are  analyzed  using  a  broad-area  mode  coupling 
approach.  Rather  than  considering  coupling  between  individual  waveguide  modes  as 
in  the  conventional  supermode  theory,  a  basis  of  broad-area  modes  is  chosen.  These  modes 
are  coupled  through  a  perturbation  of  refractive  index  and  gain  profiles  caused  by 
nonuniform  carrier  injection,  thermal  effects,  and/or  built-in  weakly  guiding  or  antiguiding 
profiles.  Present  theory  reveals  that  earlier  simplified  analysis  involving  broad-area 
mode-coupling  may  lead  to  significant  errors  in  modal  gains  of  high-order  array  modes. 


High-power  gain-guided  diode  laser  arrays  are  very 
promising  for  applications  in  which  optical  power  is  of 
major  concern,  such  as  solid-state  laser  pumps,  cw  output 
power  as  high  as  8  W  has  been  reported.'  These  devices 
usually  operate  multimode,  with  a  rather  low  degree  of 
coherence.  Many  applications,  for  example  free-space  sat¬ 
ellite  and  fiber  communications,  require  a  highly  coherent 
light  source,  preferably  emitting  in  a  single  lobe.  It  is  there¬ 
fore  very  important  to  reach  a  good  understanding  of  lat¬ 
eral  mode  properties  in  gain-guided  arrays. 

Measurements  of  the  near-  and  far-field  patterns  of 
gain-guided  laser  arrays  using  spectrally  resolved 
techniques,^"*  injection  seeding,’  and  external  cavity 
coupling,^'^  all  revealed  significant  contribution  from  high- 
order  modes  (.v>N,  where  N  is  the  number  of  array  ele¬ 
ments)  which  could  not  be  related  to  any  supermode 
results.*"'”  In  order  to  obtain  those  high-order  mode  solu¬ 
tions,  it  was  necessary  to  resort  to  complicated  numerical 
models,"  '^  with  which  it  was  difficult  to  gain  insight  into 
the  origin  of  those  modes.  Recently,  an  analytical  treat¬ 
ment  using  a  perturbation  theory  and  involving  broad-area 
modes  has  been  proposed.*  The  problem  was,  however, 
oversimplified  and  rather  unrealistic  assumptions  were 
made.  Specifically,  the  active  region  was  assumed  to  be 
laterally  bound  by  infinitely  lossy  layers,  and  any  differ¬ 
ences  between  the  gains  of  unperturbed  broad-area  modes 
were  neglected,  since  they  were  presumed  to  have  a  negli¬ 
gible  effect  on  calculated  modal  gains  of  the  array  modes. 

In  this  letter,  we  show  that  approximations  invoked  in 
Ref.  4  may  lead  to  significant  errors.  We  adopt  an  analyt¬ 
ical  coupled-mode  approach  involving,  as  previously, 
broad-area  modes  coupled  by  perturbations  of  gain  and 
refractive  index  along  the  lateral  direction.  Compared  to 
the  supermode  theory  valid  for  index-guided  arrays,*"'”  the 
formulation  is  greatly  simplified  by  the  fact  that  the  field 
overlap  integral  of  any  two  broad-area  modes  vanishes  due 

*’Also  with  ihe  Department  of  Electrical  and  Computer  Engineering, 
University  of  New  Mexico. 

'“Also  with  the  Department  of  Physics  and  Astronomy.  University  of 
New  Mexico. 


to  their  orthogonality.  As  a  consequence  of  the  large  num¬ 
ber  of  broad-area  modes,  the  array  also  supports  modes  of 
the  order  v  higher  than  the  number  of  individual  emitters 
N.  These  high-order  modes  agree  well  with  those  found 
from  both  self-consistent  numerical  modeling'^  and  exper¬ 
imental  observations,’  *  but  their  modal  gains  differ  signif¬ 
icantly  from  the  results  obtained  using  the  simplified  per¬ 
turbation  theory.* 

The  theoretical  formulation  begins  by  deriving  the  cou¬ 
pled-mode  equations  using  broad-area  modes  as  expansion 
basis.  Perturbation  of  complex  permittivity  is  defined  by 

Ae<P*'>(x)  =  (x)  -^'“^"(x),  (1) 

where  c'®^'(x)  is  the  unperturbed  permittivity  profile  of 
the  broad-area  laser  and  €'*"’’'’(x)  is  the  permittivity  pro¬ 
file  of  the  array,  taking  account  of  nonuniform  carrier  in¬ 
jection,  thermal  effects,  and/or  any  built-in  waveguide/ 
antiguide  profile.  Following  the  general  framework  of 
coupled-mode  theory,'”  we  obtain  the  coupled-mode  equa¬ 
tions  for  multiple-stripe  laser  arrays: 

^  daJz)  " 

I  —^  =  '1  (ep  +  x„)a,{z),  (2) 

,=i  02 

where  o,  is  the  expansion  coefficient  for  ^h  array  mode 
propagating  in  the  -f  z  direction,  M  is  the  total  number  of 
broad-area  modes  included  in  the  calculations,  and  is 
the  propagation  constant  of  broad-area  mode  p.  Xp,  is  the 
coupling  coefficient  between  any  two  broad-area  modes  p 
and  q  and  is  defined  by 


K„=w  I  I*  Ae'P"'E,p.E,/xdy 


with  0)  the  lasing  angular  frequency,  and  E,p,  the  trans¬ 
verse  and  longitudinal  components  of  mode p,  respectively. 
Equation  (2)  can  also  be  written  in  a  matrix  form 
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Perturbation  of  complex  permittivity 
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FIG.  1.  Periodic  perturbation  profiles  due  to  injected  carriers  in  a  uniform 
ten-stripe  gain-guided  array,  (a)  Periodic  gain  (imaginary  part  of 
Ae*’"’)  and  (b)  periodic  index  antiguiding  (real  part  of  Ac**"’). 


-^=i(B  +  K)A,  (4) 

where  if  is  a  diagonal  MxM  matrix  of  propagation  con¬ 
stants  Pp  and  the  elements  of  A  and  K  are  denoted  as  and 
Kp^  respectively.  We  seek  the  array  mode  solutions  with 
the  eigenvalues  in  the  form  where  a„  is  the  complex 
propagation  constant  of  the  array  mode  v. 

Figure  1  illustrates  schematically  the  imaginary  (gain) 
and  real  (index-antiguiding)  parts  of  the  perturbed  permit¬ 
tivity  The  profiles  shown  represent  periodic  pertur¬ 

bations  due  to  nonuniform  carrier  injection  in  a  uniform 
gain-guided  laser  array  with  no  built-in  lateral  waveguid- 
ing  mechanism. 

Consider  a  typical  ten-stripe  GaAs/AlGaAs  gain- 
guided  laser  arra'  with  6-/im-wide  stripes  situated  on  10 
/rm  centers.  The  analysis  starts  by  finding  guided  broad- 
area  modes  for  a  l(X)-/im-wide  rectangular  waveguide  with 
gain  of  140  cm  "  '  and  loss  of  1 50  cm  “  '  inside  and  outside 
the  active  region,  respectively.  The  carrier-induced  anti¬ 
guiding  is  included  via  the  antiguiding  factor  of  2.  The 
transverse  confinement  factor  of  0.3  is  assumed.  The  cou¬ 
pling  coefficients  are  calculated  according  to  Eq.  (3),  tak¬ 
ing  the  modal  gain  modulation  amplitude  of  10  cm  ~  The 
eigenvalues  a„  and  the  corresponding  eigenvectors  are  then 
obtained  from  Eq.  (4). 

Figure  2  shows  a  comparison  of  the  present  theory 
with  earlier  simplified  perturbation  analysis^  correspond¬ 
ing  to  a  limit  of  very  high  loss  and  constant  broad-area 
modal  gain.  While  the  real  part  of  the  propagation  con¬ 
stant  Oy  is  not  affected  by  these  approximations,  the  previ¬ 
ous  treatment  is  unreliable  in  predicting  the  modal  gains  of 
high-order  array  modes  v>10.  It  should  be  emphasized 
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Mode  Number  (v) 


FIG.  2.  Cilculeted  propagation  constants  (triangles)  and  array  modal 
gams  for  the  first  20  array  inodes  of  a  ten-stripe  gain-guided  array.  Full 
squares  represent  modal  gain  results  of  the  present  theory,  while  open 
circles  correspond  to  approximate  analysis  in  which  all  broad-area  mcdes 
have  equal  gains  and  the  lateral  cladding  loss  is  infinite. 

that  these  high-order  modes  usually  dominate  in  gain- 
guided  arrays,  hence  precise  knowledge  of  their  modal 
gains  is  very  important  in  considerations  of  mode  ordering 
and  mode  suppression  schemes. 

The  large  modal  gain  difference  between  array  modes  9 
and  10  also  reflects  on  the  corresponding  propagation  con¬ 
stants.  An  abrupt  shift  of  the  propagation  constant  be¬ 
tween  V  =  9  and  v  =  10  array  modes  agrees  well  with  a 
self-consistent  numerical  m^el.'^  This  shift  becomes 
larger  when  index-antiguiding  is  stronger,  and  vanishes 
when  the  index-antiguiding  reduces  to  zero. 

Figure  3  shows  the  calculated  near-  and  far-field  inten¬ 
sity  patterns  for  the  low-gain  eigenmode  v  =  9  and  the 
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FIG.  3.  Near-  and  far-field  intensity  patterns  of  the  array  modes  v  =  9 
and  V  =  10. 
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FIG.  4.  Near-  and  far-field  intensity  patterns  of  the  array  modes  v  1 1 
and  v=  13. 


highest  gain  eigenmode  v  =  10.  We  note  that  the  array 
modes  are  labeled  according  to  increasing  frequency  of  os¬ 
cillation  (decreasing  real  part  of  propagation  constant), 
and  their  order  can  in  principle  be  identified  in  an  array 
that  is  operating  in  a  pure  eigenmode  by  observing  the 
number  of  primary  maxima  in  the  intensity  distribution. 
The  v  =  9  array  mode  has  9  maxima  located  at  the  inter¬ 
spaces  between  the  stripes  where  the  gain  is  minimum, 
which  explains  why  that  array  mode  has  a  very  low  modal 
gain.  The  near-  and  far-held  intensity  patterns  of  the 
V  =  10  array  arc  not  only  very  similar  to  those  obtained 
from  the  supermode  theory  and  numerical  modeling,  but 
also  to  the  patterns  observed  experimentally. Not  sur¬ 
prisingly,  the  calculated  near  and  far  fields  do  not  differ 
much  from  those  obtained  using  the  simplified  perturba¬ 
tion  theory,^  since  the  real  parts  of  Oy  are  almost  unaffected 
by  simplifications  involved  in  the  earlier  approach. 

As  an  example  of  high-order  array  modes  resulting 


from  the  broad-area  mode  coupling,  the  near-  and  far-field 
intensity  patterns  for  v=:  11  and  v  s  13  array  modes  are 
shown  in  Fig.  4.  As  reported  earlier,*  the  high-order  modes 
are  characterized  by  far-field  intensity  patterns  having  two 
major  lobes  as  a  slightly  increasing  angle  compared  to  the 
V  =  10  array  mode.  Array  modes  of  the  order  as  high  as  20 
have  been  reported  in  ten-stripe  gain-guided  arrays^  and 
the  present  theoiy  can  describe  all  these  array  modes  cor¬ 
rectly. 

In  conclusion,  we  have  adopted  an  analytical  coupled¬ 
mode  approach  to  describe  the  lateral  mode  structure  of 
multistripe  laser  arrays  with  no  built-in  lateral  waveguides. 
The  devices  are  treated  as  broad-area  lasers  with  gain-  and 
index-antiguiding  perturbations.  We  demonstrate  that  ear¬ 
lier  formulation  of  broad-area  perturbation  theory  leads  to 
significant  enors  in  calculated  modal  gains  for  array  modes 
of  order  higher  than  the  number  of  gain-guided  array  ele¬ 
ments. 
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ABSTRACT 

Detailed  broad-area  coupled-mode  analysis  of  in-phase  mode  selection  in  carrier-guided  arrays  coupled  to 
external  cavities  with  spatial  filters  is  presented  and  compared  with  experimental  results.  A  high-power  (68 
mW  with  output  facet  reflectivity  of  90%  which  corresponds  to  estimated  266  mW  with  output  facet 
reflectivity  of  30%),  on-axis,  single-lobe  far  field  with  nearly  diffraction-limited  (0.64*)  full  width  at  half  max¬ 
imum  is  achieved  from  a  ten-stripe  carrier-guided  anti-reflection-coated  laser  array  by  coupling  to  an  external 
cavity  with  a  spatial  filter.  The  in-phase  operation  is  verified  by  wavefront  measurements  using  shearing  inter¬ 
ferometry. 

I.  INTRODUCTION 

Double-lobe  far-field  pattern  is  a  persisting  problem  in  high-power  carrier-guided  (often  termed  gain- 
guided)  semiconductor  laser  arrays'  *.  Typically,  these  devices  operate  in  high  order  modes  which  better  util¬ 
ize  an  inhomogeneous  gain  profile  of  a  uniform  array.  Double-lobe  emission  renders  it  very  difficult  to  design 
and  fabricate  miniature  optics  that  would  collect  most  of  the  emitted  light.  Therefore,  a  highly  stable  single¬ 
lobe  emission  pattern,  with  most  of  the  light  in  the  central  lobe,  is  strongly  preferable  for  many  applications, 
such  as  coupling  to  an  optical  fiber,  laser  printing,  and  free-space  satellite-to-satellite  communication. 

Various  configurations  of  spatial  filters  in  external  cavities  have  been  used  to  achieve  single  lateral  mode 
operation  in  carrier-guided  arrays.  Yaeli  et  ai?  utilized  a  narrow,  adjustable  slit  combined  with  a  partially 
reflecting  flat  mirror  to  select  the  lowest-order  array  mode.  Chang-Hasnain  et  al.*  used  an  apertured  graded- 
index  lens  external  cavity,  achieving  clean  fundamental  array  mode  operation  up  to  102  mW  and  predom¬ 
inantly  single-lobe  output  up  to  500  mW,  all  under  pulsed  operation.  A  similar  arrangement,  but  with  a 
narrow-stripe  mirror  placed  at  a  far-field  side-lobe  position,  was  applied**"  to  obtain  stable  off-center  emission 
in  a  high-order  array  mode  with  output  power  reaching  950  mW".  This  technique  relies  on  the  fact  that  the 
array  far  fields  are  well  resolved  spatially  and  can  be  addressed  individually  by  a  proper  spatial  filter.  In  addi¬ 
tion,  this  mode  selection  method  can  be  applied  to  other  high-power  diode  lasers,  such  as  broad-area  lasers. 

.>n  this  paper,  we  report  on  theoretical  and  experimental  studies  of  carrier-guided  diode  laser  arrays  cou¬ 
pled  to  spherical-mirror  external  cavities  with  spatial  filters  inserted  with  the  goal  of  suppressing  the  high- 
order  modes  and  obtaining  a  single-lobe  output.  Coupled-mode  theory  with  broad-area  mode  basis  is  used  to 
find  the  free-running  array  modes.  The  feedback  facet  of  the  array  is  assumed  to  be  perfectly  anti-reflection 
(AR)  coated,  in  order  to  increase  the  coupling  efficiency  of  the  external  feedback.  Cavity  modes  of  the 
array/ spatial  filter/external  mirror  system  are  then  found  by  analyzing  array  mode  mixing  in  the  external  cav¬ 
ity.  Array  mode  selection  is  investigated  for  various  configurations  of  the  spatial  filter.  Experimentally,  in 
addition  to  direct  observation  of  the  near  and  far  fields,  we  measure  lateral  wavefronts  by  shearing  inter¬ 
ferometry  to  determine  phase  relations  between  adjacent  emitters.  Our  results  confirm  that  external  spatial 
filtering  represents  a  simple,  and  yet  effective,  technique  for  obtaining  the  diffraction -limited  single-Iobed  out¬ 
put  beam  from  a  uniform  carrier- guided  laser  array. 
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2.  COUPLED-MODE  THEORY  OF  CARRIER-GUIDED  ARRAYS  WITH  SPATIALLY  SELECTIVE 
EXTERNAL  FEEDBACK 

Modal  properties  of  phased-array  diode  lasers  can  be  described  using  the  improved  coupled-mode 
theory'^'*,  in  which  the  array  is  regarded  as  a  system  of  interacting  single-mode  waveguides.  Such  approach 
describes  well  the  behavior  of  index-guided  arrays,  but  is  inadequate  when  canier-guided  arrays  are  con¬ 
sidered.  In  the  latter  case,  it  is  more  appropriate  to  treat  the  array  as  a  perturbed  broad-area  laser.  Details  of 
broad-area  coupled-mode  theory  of  free-running  carrier-guided  arrays  are  given  elsewhere'^ 


Using  the  array  modes  derived  from  coupled  broad-area  modes,  we  proceed  with  the  analysis  of  external- 
cavity  system  illustrated  in  Fig.  1.  A  spherical  mirror  with  radius  R.  is  placed  at  a  distance  away  from  a 
perfectly  AR -coated  feedback  facet  which  is  located  at  z  =  L.  In  general,  R.  and  are  not  assumed  to 
coincide,  but  can  differ  slightly.  A  small  defocusing  distance  Ad.  such  that  lAdI  <</?.,  is  defined  by 
Ad  =  Rm  -  dm-  A  spatial  filter  with  field  transmission  function  t(y)  is  located  near  the  mirror  surface. 
Although  t(y)  may  be  arbitrary,  we  will  limit  our  attention  to  filters  that  can  efficiently  discriminate  against  the 
higher-order  array  modes  (the  mode  order  v  >  1).  The  system  is  analyzed  by  requesting  that  cavity  modes 
must  reproduce  themselves  after  each  completed  roundtrip.  similarly  to  earlier  work  on  index-guided  arrays 
with  spatially  filtered  feedback'*. 

Each  cavity  mode  £(y,z>  is  represented  as  a  linear  combination  of  the  array  modes  E^''^{y), 

V  =  1.  2.  3 . N ,  where  N  is  the  number  of  array  modes  included  in  the  calculations.  It  should  be  noted 

that,  in  contrast  to  index-guided  arrays.  N  for  carrier-guided  arrays  is  usually  significantly  greater  than  the 
number  of  active  stripes  in  the  array.  For  waves  traveling  along  -z  and  -t-z  directions,  we  employ  expansion 
coefficients  a  and  d,  respectively.  For  a  cavity  mode  traveling  in  the  -z  direction,  we  have 

£(y.z)=  (i) 

V«1 

Thus,  at  the  output  facet  (z  =  0).  £(y.0)  is  specified  by  a  column  matrix  A(0)  constructed  from  the 
coefficients  av(0)  in  Eq.  (1).  Inside  the  laser,  propagation  of  each  array  mode  is  described  by 

exp(iOvz).  with  a  complex  propagation  constant  Oy  accounting  for  modal  pin  or  loss  in  the  laser.  We 
assume  that  each  array  mode  experiences  an  identical  field  reflectivity  at  the  output  facet,  hence,  no  coupling 
between  the  array  modes  occurs  as  a  result  of  reflection  from  the  planar  facet.  According  to  these  assump¬ 
tions.  the  column  matrix  A(L)  constructed  from  the  expansion  coefficients  dv(L)  and  describing  the  system 
mode  propagating  in  the  +z  direction  at  the  AR-coaieH  feedback  facet  is  given  by 

A(L)=GRA(0).  (2) 

where  G  =  diag(exp(iOvL )]  and  R  s  /i.  with  facet  reflectivity  r  =  -.55  and  I  the  identity  matrix. 


In  order  to  eliminate  A(L)  in  Eq.  (2).  we  need  to  consider  wave  propagation  inside  the  external  cavity 
incorporating  the  spatial  filter.  We  inuoduce  a  feedback  matrix  C,  which  satisfies 

A(L)=  C.A(I,)  .  (3) 

C«  represents  the  cumulative  effect  of  free-space  propagation  from  the  feedback  facet  up  to  the  spatial  filter, 
passing  through  the  filter,  reflection  at  the  external  mirror,  repeated  filtering,  and  repeated  free-space  propap- 
tion  followed  by  coupling  back  into  the  array  modes  at  z  =  L.  Combination  of  all  these  steps  leads  to  a  fol¬ 
lowing  impulse  response  function  for  radiation  emitted  by  a  point  source  located  at  y,  and  returning  to  an 
image  point  yt  '*■'’: 


cxp<2ikyd*) 


xj  /*(y)exp  exp 


-(y«+yi)3'  Uy  • 
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Since  the  system  is  linear,  any  field  distribution  U (y,)  at  the  feedback  facet  gives  rise  to  a  reflected  image 
field  V(y,)  at  the  same  plane  described  by  the  superposition  integral” 

V(y.)  =  J  k(y.;y.)t/(y.)d[y.  .  (5) 

For  maximum  optical  coupling  between  array  modes,  we  require  /?•  =  </«,  or  AJ  =  0,  which  yields  the  fol¬ 
lowing  result  for  the  reflected  field 

V(yi)  =  -exp{2ikod„)l  t/(y»)exp  i.^(y/+y.2)  r(y,+yi)</y,  .  (6) 

where  rfyi+y,)  is  the  Fourier  transform  of  the  spatial  filter  field  transmission  function  i(y),  defined  as 


T(y)=  /V)cxp  -i^yy' 


In  the  limit  of  a  very  wide  spatial  filter  [{(y)  approaching  unity],  such  that  most  of  the  diffracted  light  can 
pass  through  unobstructed,  Tfy)  becomes  a  delta  function  S(y). 


The  existence  of  the  quadratic  phase  term  in  Eq.  (6)  is  the  source  of  perturbation  that  leads  to  array  mode 
mixing  even  when  no  spatial  filter  is  inserted.  In  the  framework  of  the  coupled-mode  theory,  conversion  of 
the  array  mode  p  into  the  array  mode  v  as  a  result  of  a  round  trip  in  the  external  cavity  is  described  by  the 
coupling  coefficient  C/*.  Setting  the  source  field  l/(y,)  =  £^'*^(y<,)  in  Eq.  (6),  multiplying  the  image  field 
^(^i)  by  array  mode  v,  and  integrating  over  the  image  point  coordinates  yields 

C/'' = -cxp(2a:<,d*)f  f  r(y,+  yi)exp  i-~(y/+y.*)  E^'^\y^)E^''\yi)dy„dyi  .  (8) 

For  p.  =  V,  Eq.  (8)  gives  the  effective  reflection  coefficient  for  the  array  mode  v.  The  off-diagonal  elements 
of  the  matrix  C,  (C/''  =  C/**,  \y*  v)  represent  mutual  coupling  between  array  modes  p  and  v.  Taking  into 
account  Eq.  (3)  and  requesting  that  the  field  patterns  (cavity  modes)  reproduce  themselves  in  a  roundtrip 
inside  the  composite  cavity,  we  obtain  the  following  matrix  equation 

GC,GRA(0)  =  y„,A(0)  .  (9) 

where  y„,  denotes  an  eigenvalue.  Therefore,  the  cavity  modes  are  determined  by  the  solutions  of  Eq.  (9). 
For  a  chosen  value  of  angular  frequency  w,  Eq.  (9)  is  first  solved  for  complex  eigenvalues 
(C  ~  1,  2,  3,...,  N)  and  the  corresponding  eigenvectors,  and  then  near-  and  far-field  distributions  can  be  cal¬ 
culated.  The  frequency  to  used  in  coupled-mode  solutions  is  not  automatically  a  resonant  frequency  of  the 
composite  cavity.  For  resonant  frequencies,  additional  round-uip  phase  condition  must  be  satisfied: 

arglril^J  =  2nM  ,  (10) 

where  Af  is  an  integer.  The  amplitude  part  of  determines  the  sequence  in  which  cavity  modes  are 
excited  when  the  modal  gain  is  increased.  The  dominant  cavity  mode  has  the  largest  value  of  lYf^l. 


Since  the  matrices  G  and  R  are  diagonal,  only  the  off-diagonal  elements  of  C,  may  contribute  to  cross¬ 
coupling  between  the  array  modes.  The  quadratic  phase  term  in  Eq.  (8)  should  not  be  neglected  as  long  as 
the  lateral  dimension  of  the  laser  array  is  not  very  small  compared  to  the  radius  of  curvature  of  the  feedback 
mirror.  The  function  Ffy^+y.)  may  have  a  complicated  form,  depending  on  the  specifications  of  the  spatial 
filter.  In  the  absence  of  any  spatial  filter  (r(ye+y<)  =  5(y»+y,)).  the  coupling  coefficient  C/''  is  simply  an 
overlap  integral  of  the  two  array  modes  with  a  quadratic  phase  term  iky^/d^.  The  image  field  returning  to  the 
feedback  facet  is  reversed  with  respect  to  the  object  field.  i.e.  £*''^(yj)  -»  E^'*^{-y,),  Because  of  the  symmetry 
in  the  array  mode  field  distributions,  this  field  reversal  causes  the  coupling  between  the  array  modes  of 
different  parity  to  almost  vanish.  For  the  same  reason,  coupling  between  even  parity  array  modes  is  stronger 
than  that  between  odd  parity  modes. 
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In  order  to  enhance  single-lobe  operation  of  the  array,  the  spatial  filter  should  be  selected  in  form  of  a  slit 
of  width  2W  such  that  only  the  central  lobe  of  the  fundamental  array  mode  would  be  allowed  to  pass  through, 
Le. 


t(y)  = 


1  ly  1^  H' 

0  lyl>l^ 


(11) 


It  is  easy  to  show  that  in  this  case  T (ya+y.)  reduces  to  a  sine  function: 

sin  \wk,y/dA 

T{y)  =  — i  .  (12) 

»y 

Upon  substitution  of  Eq.  (12)  into  Eq.  (8).  the  effect  of  spatial  filtering  on  anay  mode  mixing  coefficients 
Ca***  can  be  evaluated  exactly  as  long  as  the  array  mode  distributions  are  specified.  With  proper  choice  of  slit 
width  2W ,  the  effective  reflectivity  (self-coupling  coefficient)  of  the  fundamental  array  mode  will  be 
strongly  enhanced  and  all  coupling  coefficients  C.'*''.  p.  1  involving  high-order  modes  will  be  reduced 
dramaticaUy,  practically  approaching  zero. 


3.  IN-PHASE  MODE  SELECTION  BY  EXTERNAL  SPATIAL  HLTERING:  THEORY 


Consider  a  ten-stripe  carrier-guided  laser  array  with  6-pm  wide  stripes  and  10-pm  center-to-center  spac¬ 
ing,  placed  in  a  1-cm  long  external  cavity  with  a  perfectly  reflecting  spherical  mirror.  The  device  parameters 
used  in  calculations  are  shown  in  Table  1.  Any  variation  of  these  parameters  with  pumping  current  is 
neglected.  The  external  cavity  length  of  1  cm  was  chosen  to  enable  comparison  with  earlier  calculations  of 
Ref.  16.  In  calculating  the  coupling  coefficients  C/*,  integration  is  extended  over  a  llO-pm  wide  region. 

For  a  solitary  array,  our  broad-area  coupled-mode  theory*’  predicts  that  the  dominant  array  mode  is 
V  s  10,  with  double-Iobed  far-field  pattern  featuring  two  narrow  maxima  separated  by  4.8*.  In  the  same 
instance,  calculated  FWHM  of  the  single-lobed  far  field  for  the  fundamental  array  mode  (v  s  i)  is  0.58*. 
This  value  is  slightly  larger  than  the  diffraction -limited  beam  width  of  0.46*  computed  for  a  100-pm  wide  uni¬ 
form  source,  which  we  attribute  to  combination  of  a  non-zero  antiguiding  factor  b  and  a  nonuniform  near¬ 
field  distribution  of  the  array  mode. 


With  perfect  AR  coating  applied  to  one  of  the  facets,  external  feedback  is  necessary  for  any  array  mode  to 
have  a  finite  threshold  gain.  Selective  feedback  can  therefore  be  very  effective  in  suppressing  undesirable 
modes  that  may  have  high  gains  in  a  solitary  array.  Computation  of  system  eigenmodes  for  the  laser  array  in 
an  external  cavity  with  spatial  filter  start  by  evaluating  the  coupling  coefficients  C/''  for  a  particular  width  of 
the  spatial  filter,  which  should  be  chosen  to  allow  only  the  v  =  1  array  mode  to  pass  freely  and  to  block  off  all 
higher-order  modes.  We  expect  that  the  slit  width  should  be  close  to  the  full  width  of  the  diffraction -limited 
central  lobe,  which,  according  to  Ref.  18,  gives  2W  =  164  pm  for  a  100  pm  wide  uniformly  illuminated  aper¬ 
ture.  A  2-D  numerical  integration  algorithm  is  used  to  evaluate  the  matrix  elements  C/*  given  in  Eq.  (8). 
Fig.  2  displays  the  self-coupling  coefficients  (effective  reflectivity  C^,\  =  1.2,. ...20)  for  three  different  filter 
widths:  2W  :=  160,  164,  and  172  pm,  respectively.  As  expected,  the  fundamental  array  mode  v  =  1  has  the 
largest  reflection  coefficient,  v  =  2  array  mode  has  the  second  largest  reflection  coefficient  because  a  small 
portion  of  its  field  can  still  pass  through  the  spatial  filter.  Self-coupling  coefficients  for  all  the  other  high-order 
modes  (v  >  2)  are  practically  approaching  zero.  A  trend  for  increasing  high-order  mode  reflectivity  can  be 
noticed  for  the  filter  width  of  172  pm,  larger  than  the  optimal  value  of  164  pm. 

Fi^.  3  siiOwS  the  cross-coupling  coefficients  (C^'^.v  =  2,3, ...,20)  between  the  fundamental  array  mode  and 
high-order  modes,  again  for  three  different  slit  widths.  Except  for  small  cross-coupling  between  array  modes  1 
and  3.  there  is  almost  no  coupling  with  any  of  the  remaining  array  modes.  As  expected,  cross-coupling 
between  the  fundamental  array  mode  and  odd-parity  even-order  modes  is  orders  of  magnitude  weaker  than 
for  modes  of  the  same  parity.  While  both  mode  conversion  and  mode  reflection  coefficients  for  the  high- 
order  modes  can  be  further  reduced  by  making  the  spatial  filter  width  smaller  than  160  pm,  it  would  be 
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counterproductive  since  it  would  also  diminish  the  amount  of  feedback  for  the  fundamental  array  mode. 

The  high  value  of  effective  reflectivity  for  the  fundamental  anay  mode  suggests  that  it  is  likely  to  be  the 
main  contributor  to  a  dominant  system  (cavity)  mode  C  =  1.  In  order  to  establish  the  order  of  cavity  modes, 
we  need  to  examine  magnitudes  of  aU  the  eigenvalues  itu  of  Eq.  (9).  Calculated  normalized  magnitudes  of 
y„,  are  displayed  in  Fig.  4  for  a  slit  width  2W  =  164  pm.  Large  difference  between  the  values  of  y„,  for 
(si  cavity  mode  and  the  remaining  modes  indicates  that  high-order  modes  are  strongly  suppressed.  Cavity 
mode  discrimination  deteriorates  for  wider  slit  opening  in  the  spatial  filter  (2W  =  172  pm,  not  shown  in  Fig. 
4),  since  in  this  case  all  modes  receive  more  feedback  from  the  external  cavity.  On  the  other  hand,  suppres¬ 
sion  of  high-order  cavity  modes  is  even  more  effective  for  a  smaller  slit  width  (2W  =  160  pm),  but  at  the 
expense  of  increasing  lasing  threshold. 

By  definition,  the  fundamental  cavity  mode  (=1  has  the  lowest  threshold  gain.  However,  since  with  a 
proper  choice  of  spatial  filter  width  the  effective  reflection  coefficient  is  highest  for  the  fundamental  array 
mode,  and  since  the  threshold  gain  is  proportional  to  logarithm  of  inverse  facet  reflectivity,  we  expect  that  the 

V  =  1  array  mode  will  be  a  dominant  component  of  the  fundamental  cavity  mode.  By  the  same  token,  we 
expect  that  the  (  =  1  cavity  mode  should  have  a  single-lobed  far-field.  Fig.  5  shows  amplitude  and  phase 
parts  of  complex  components  of  normalized  eigenvector  A](0)  representing  the  fundamental  cavity  mode  for 
a  slit  width  2W  =  164  pm.  The  cavity  mode  contains  contributions  from  even-parity  modes,  with  phase  rela¬ 
tions  between  them  determined  by  the  eigenvalue  equation  (9).  It  is  clear  that  the  v  =  1  array  mode  is  the 
main  contributor  to  the  fundamental  cavity  mode.  The  only  other  non -negligible  contribution  comes  from  the 
array  mode  v  =  3,  which  is  consistent  with  that  mode  having  the  second  largest  self-coupling  coefficient  (tf. 
Fig.  2)  and  the  second  largest  coefficient  for  mixing  with  mode  v  =  1  (</.  Fig.  3).  The  absence  of  opposite- 
parity  mode  mixing  evident  in  Fig.  S  is  a  direct  consequence  of  negligible  cross-coupling  coefficients  for 
different-parity  array  modes.  For  smaller  or  larger  slit  widths,  the  corresponding  eigenvectors  Ai(0)  are  similar 
except  that  contributions  from  v  >  1  array  modes  are  becoming  relatively  weaker  or  stronger,  respectively. 

The  importance  of  spatial  filtering  can  be  appreciated  if  we  compare  the  results  of  Fig.  5  with  a 
corresponding  supermode  mixing-amplitude  spectra  in  an  external  cavity  without  any  spatial  filter  shown  in 
Fig.  3,  Ref.  16,  calculated  for  a  10-stripe  index-guided  array.  Without  spatial  filler,  the  external  cavity  intro¬ 
duces  severe  supermode  mixing  with  poor  mode  discrimination.  The  cavity  mode  which  most  resembles  the 

V  =  1  supermode  (with  single-lobed  far  field  )  contains  almost  equal  contributions  of  all  five  even-parity 
supermodes.  This  contrasts  with  almost  complete  elimination  of  array  mode  mixing  achieved  by  selecting  a 
proper  spatial  filter.  One  can  therefore  expect  that  the  resulting  far  field  of  the  (  =  1  cavity  mode  should  bear 
a  close  resemblance  to  the  v  =  1  array  mode.  Indeed,  as  shown  in  Fig.  6,  under  the  selective  feedback 
imposed  by  the  spatial  filter  and  a  spherical  mirror,  the  system  mode  exhibits  a  single-lobed  far-field  pattern. 
With  the  FWHM  of  0.58°,  no  further  broadening  of  the  central  lobe  is  introduced  by  the  array  mode  mixing 
compared  to  the  beam  width  of  the  v  =  1  array  mode,  however,  the  array  mode  mixing  does  show  up  in  the 
appearance  of  side  shoulders  in  the  central  lobe  and  in  additional  small  peaks  on  both  sides  of  the  far-field 
pattern  (Fig.  6).  By  inspecting  the  amplitude  mixing  spectrum  of  Fig.  5,  we  see  that  the  shoulders  are  pri¬ 
marily  due  to  the  array  mode  v  =  3,  with  their  height  consistent  with  the  contribution  of  that  mode  to  the 
fundamental  cavity  mode. 

4.  EXPERIMENTAL  ARRANGEMENT 

Configuration  of  experiments  on  far-field  control  in  diode  laser  arrays  by  coupling  to  an  external  cavity 
with  spatial  filter  is  shown  schematically  in  Fig.  7.  The  device  under  examination  is  a  commercial  carrier- 
guided  ten-stripe  uniform  laser  array  (Spectra  Diode  Laboratories  SDL-2410C)  with  front  facet  reflectivity  of 
30%  and  back  facet  reflectivity  of  90%.  Because  of  difficulties  with  access  to  the  back  facet,  the  AR-coating 
for  enhanced  optical  feedback  is  performed  on  the  front  facet  and  the  output  light  is  collected  from  the  back 
facet.  The  external  cavity  is  formed  by  a  spherical  mirror  having  a  2.S4  cm  (I  inch)  focal  length  and  a 
variable-width  slit  as  a  spatial  filter.  The  mirror  is  mounted  on  an  X-F-Z  linear  translation  stage.  In  order 
to  obtain  optimal  optical  coupling,  the  feedback  mirror  is  placed  at  S.08  cm  (2  inches)  away  from  the  AR- 
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coated  facet  for  a  1:1  ratio  between  the  object  and  reflected  image  fields.  Spatial  control  of  feedback  is 
achieved  by  adjusting  the  opening  of  the  slit  located  just  in  front  of  the  mirror.  Due  to  the  limited  size  of  the 
mirror  (1  inch  diameter  in  the  transverse  direction)  and  the  reflectivity  of  the  Al-coated  external  mirror,  it  is 
estimated  that  less  than  one-sixth  of  light  is  actually  imaged  back  onto  the  laser  array.  A  charge-coupled- 
device  (CCD)  camera  is  placed  in  front  of  the  uncoated  facet  of  the  laser  array  to  measure  the  far-field  pat¬ 
terns.  The  images  picked  up  by  the  CCD  camera  are  transmitted  to  a  video  analyzer  to  be  displayed  on  a 
monitor,  recorded  by  an  X-T  scanning  recorder,  and  then  stored  by  a  digitizer  and  microcomputer. 

The  operation  of  the  system  starts  by  aligning  the  laser  anay  with  respect  to  the  spherical  mirror. 
Without  applying  any  current,  a  low-power  visible  red  He-Ne  laser  light  is  shone  onto  the  facet  of  the  laser 
array  for  rough  alignment.  Accordingly,  the  feedback  minor  is  adjusted  to  capture  the  reflected  image  of  the 
laser  light  in  the  center  of  the  mirror.  Subsequently,  a  fine  tuning  is  performed  by  maximizing  the  output 
power  from  operating  diode  laser  array.  Stable  single-lobed  far-field  can  be  obtained  by  choosing  a  proper 
opening  of  the  variable  slit.  No  temperature  control  was  attempted  during  the  experiments,  neither  any 
attempt  was  made  to  resolve  spectrally  measured  near-  and  far-fields. 

Initial  experiments  were  performed  on  an  uncoated  device.  Subsequently,  the  feedback  facet  of  the  laser 
array  was  AR  coated  by  using  ion-beam  assisted  deposition.  A  single  quarter-wave  layer  of  HfO^  was  depo¬ 
sited.  The  power  reflection  at  the  AR  coated  facet,  as  inferred  from  measurements  of  threshold  current 
before  and  after  AR  coating,  is  estimated  not  to  exceed  1%. 

5.  IN-PHASE  MODE  SELECTION  BY  EXTERNAL  SPATIAL  FILTERING:  EXPERIMENT 

We  Degan  by  measuring  characteristics  of  the  solitary  laser  array,  without  any  feedback  and  before  AR 
coating.  The  laser  array  had  a  threshold  current  of  23?  mA.  The  near-  and  far-field  pattekr^  of  the  array  with 
injection  current  ranging  from  245  to  265  mA  are  shown  in  Figs.  8  and  9.  Apparently,  the  =  10  array  mode 
is  the  dominant  lasing  mode,  with  4.8*  between  its  two  lobes  (/  =  24SmA).  The  mei$ured  separation 
between  the  two  lobes  agrees  very  well  with  calculated  value  of  4.8*  obtained  Dorn  our  broad-area  coupled¬ 
mode  theory  of  carrier-guided  arrays'^.  Separation  between  the  two  lobes  becomes  larger  and  the  FWHM  of 
each  lobe  becomes  broader  as  the  injection  current  increases.  This  indicates  multi-longitudinal  and/or  multi¬ 
lateral  modes  lasing  simultaneously.  This  is  also  consistent  with  our  coupled-mode  calculations  as  well  as 
other  models*''*  which  predict  the  highest  modal  gain  of  v  =  10  array  mode  followed  by  modes  v  =  ll,v  =  12, 
and  so  on.  With  increasing  mode  order,  separation  between  the  far-field  lobes  also  increases*'**'**'*.  The 
broadening  of  the  each  lobe  with  increasing  injection  current  is  a  consequence  of  progressively  multimode 
operation. 

The  uncoated  array  was  then  placed  in  an  external  cavity  to  investigate  competition  between  optical  feed¬ 
back  and  non-zero  feedback-facet  reflectivity.  By  adjusting  the  opening  of  the  variable-slit  spatial  filter  to 
~  0.83  mm,  so  that  only  the  main  lobe  of  the  in-phase  mode  could  pass  through  freely  and  all  higher -order 
array  modes  were  discriminated  against,  we  achieved  single-lobed  far-field  output.  Note  that  the  slit  width  is 
larger  than  discussed  in  Section  3  by  roughly  a  factor  of  5.  proportionally  to  increased  cavity  length  (from  1 
cm  to  5.08  cm).  Due  to  additional  feedback  from  the  external  cavity,  the  lasing  threshold  was  reduced  to  210 
mA.  As  shown  in  Fig.  10,  the  FWHM  of  a  single-lobed  output  beam  at  230  mA  was  >  1.2*,  which  is  over  2 
times  wider  than  the  theoretical  limit  of  0.58*.  This  broadening  may  be  due  to  muUi-Iongitudinal  operation  in 
the  lowest-order  array  mode,  or  to  excitation  of  several  lateral  modes,  or  both.  Driving  the  device  at  slightly 
higher  pump  level  resulted  in  destruction  of  the  single-lobed  operation.  Higher-order  modes  started  to  appear 
and  the  system  displayed  multi-lobed  patterns.  This  indicates  that  predominant  influence  of  external  feedback 
gave  way  to  Fabry-Perot  mode  selection  inside  the  laser  cavity,  due  to  strong  feedback-facet  reflections.  This 
result  also  underscores  the  importance  of  high-quality  AR  coating  of  the  feedback  facet  in  order  to  achieve 
high-power  single-lobed  operation. 
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After  AR  coating,  the  external-cavity  laser  array  started  lasing  at  223  mA  and  22S  mA  without  and  with 
the  spatial  filter,  respectively.  Without  the  spatial  filter,  the  system  operated  with  slightly  higher  efficiency, 
but  displayed  complicated  multi-lobed  patterns  at  all  current  levels.  With  optimal  opening  in  the  spatial  filter, 
single-lobed  far-field  pattern  was  achieved  at  the  pumping  levels  up  to  530  mA.  Fig.  11  illustrates  the  light 
emitted  through  the  output  facet,  which  has  reflectivity  R^=  0.9,  as  a  function  of  injection  current  {L-I 
characteristic)  of  the  external  cavity  laser  array  without  (broken  line)  and.  with  (solid  line)  the  spatial  filter. 
The  output  power  penalty  for  inserting  the  spatial  filter  grows  from  ~  15%  at  intermediate  currents  (<  350 
mA)  to  ~  20%  at  high  current  levels  (>  500  mA).  These  power  losses  are  due  to  reduced  feedback  caused  by 
insertion  of  the  spatial  filter.  Fig.  12  displays  the  far-field  patterns  at  four  different  current  levels  (260  mA  to 
530  mA)  corresponding  to  four  points  a,  b,  c,  and  d  marked  in  the  L-I  curve  in  Fig.  11.  Since  the  AR 
coating  eliminates  the  competition  between  the  facet  reflections  and  selective  external  feedback,  the  compo¬ 
site  cavity  is  acting  as  a  single  resonant  cavity  for  v  =  1  array  mode,  but  with  the  laser  diode  array  as  a  gain 
medium.  At  moderate  pumping  levels  (^  350  mA).  the  system  outputs  a  stable  single-lobed  beam.  Fig. 
12(b)  shows  the  far-field  pattern  for  pumping  current  of  300  mA.  with  0.8”  FWHM  and  12  mW  output  power. 
This  lasing  condition  is  maintained  up  to  2.35  times  threshold  current  (530  mA)  with  0.64”  FWHM  and  total 
output  power  of  68  mW.  as  shown  in  Fig.  12(d).  Above  this  current  level,  the  residual  facet  reflectivity  starts 
to  intervene  by  weakly  supporting  some  high-order  array  modes,  modifying  the  lasing  characteristics  of  the 
composite  cavity  and  leading  to  multi-lobed  far-field  patterns.  The  FWHM  of  the  single-lobed  output  beam  is 
found  to  decrease  with  the  output  power  down  to  0.64”.  This  result  is  in  a  very  good  agreement  with  our 
broad-area  coupled-mode  prediction  of  diffraction-limited  value  of  0.58”  obtained  in  Section  3.  Also  shown  in 
Fig.  11  (dotted  line)  is  the  output  power  that  would  be  emitted  through  an  uncoated  front  facet  with 
reflectivity  R  =  0.3,  estimated  by  calculating  the  threshold  current  and  differential  efficiency  for  the  external 
cavity  configuration  with  the  spatial  filter.  The  internal  quantum  efficiency  is  assumed  to  be  constant.  The 
effective  reflectivity  of  the  feedback  facet  is  0.525,  as  estimated  from  variation  of  threshold  current  with  and 
without  external  feedback.  Because  of  the  lower  reflectivity  (0.3  vs.  0.9),  the  threshold  current  is  increased  to 
248  mA  with  simultaneous  increase  of  external  efficiency.  The  calculated  output  power  at  four  current  levels 
corresponding  to  points  a,  b,  c,  d,  is  11.3,  49,  196  and  266  mW,  respectively. 

A  small  deviation  of  the  spherical  mirror  from  its  optimal  position  of  focal  plane  coinciding  with  the  feed¬ 
back  facet  changes  the  far-field  characteristic  dramatically.  Displacing  the  miT'or  away  from  laser  facet  by  ~  8 
pm  destroys  the  single-lobed  output  completely.  When  bringing  the  mirror  closer  toward  the  laser  facet,  the 
tolerance  is  -  15  pm,  i.e.  two  times  larger.  This  difference  in  tolerances  can  be  understood  by  noting  that  a 
converging  beam  forms  an  image  inside  the  laser  array  which  helps  to  confine  the  reflected  field  better.  Very 
small  lateral  shift  of  feedback  mirror  (<  5  pm)  causes  a  lateral  shift  of  image  position  at  the  laser  facet,  thus 
promoting  excitation  of  other  array  modes  and  resulting  in  a  multi-lobed  output  beam. 

An  attempt  to  obtain  a  single-lobed  far  field  with  the  spatial  filter  width  smaller  than  0.8  mm  was  only 
partiaUy  successful.  A  single-lobed  output  was  achieved  only  at  low  injection  currents  (S  250  mA).  This  is 
believed  to  be  due  to  1)  insufficient  feedback  level  and  severely  distorted  image  field  when  the  opening  of 
spatial  filter  becomes  too  smaller,  2)  strong  competition  of  the  residual  facet  reflectivity  (~  1%)  with  weak 
feedback,  and  3)  diffraction  and/or  scattering  at  the  sharp  edges  of  narrow  slit  opening,  ca>  sing  severe  aberra¬ 
tions  of  the  reflected  field.  For  wider  spatial  filter  widths  (>  0.85  mm),  the  laser  systen  always  displayed 
multi-lobed  output  patterns  regardless  of  the  injection  current  levels. 

We  have  also  examined  single-lobed  external-cavity  aitay  operation  under  modulation  conditions.  Both 
sinusoidal  (100  kHz,  70  mA  peak-to-peak)  and  low-duty-cycle  pulse  (1.66  MHz.  100  ns  pulse  width,  80  mA 
pulse  amplitude)  modulation  experiments  were  performed,  with  the  modulated  current  superimposed  on  220 
mA  DC  bias.  Without  AR  coating,  sinusoidal  modulation  resulted  in  a  substantial  broadening  of  single-lobed 
far  field  (3.4  times  the  theoretical  limit  of  0.58”,  and  1.7  times  the  CW  width).  A  significantly  better  perfor¬ 
mance  was  obtained  with  pulse  modulation,  with  FWHM  of  1.3*  slightly  broadened  compared  to  CW  opera¬ 
tion.  In  addition,  a  broad  low-intensity  floor,  superimposed  on  the  central  lobe,  developed  when  the  uncoated 
array  was  modulated.  After  AR  coating,  the  pulse  modulation  had  no  observable  effect  on  single-lobed 
external-cavity  operation.  This  improvement  is  due  to  stabilizing  influence  of  external  cavity  combined  with 
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After  AR  coating,  the  external-cavity  laser  array  stained  lasing  at  223  mA  and  22S  mA  without  and  with 
the  spatial  filter,  respectively.  Without  the  spatcl  filter,  the  system  operated  with  slightly  higher  efBciency, 
but  displayed  ccmplKated  multi-lobed  patterns  at  ail  current  levels.  With  optimal  opening  in  the  spatial  filter, 
single-lobed  far-ficld  pattern  was  achieved  at  the  pumping  levels  up  to  530  mA.  Fig.  11  illustrates  the  light 
emitted  through  the  output  facet,  which  has  reflectivity  Rs  0.9,  as  a  function  of  injection  current  {L-l 
characteristic)  of  the  external  cavity  laser  array  without  (broken  line)  and.  with  (solid  line)  the  spatial  filter. 
The  output  power  penalty  for  inserting  the  spatial  filter  grows  from  ~  !S%  at  intermediate  currents  (<  350 
mA)  to  ~  20%  at  high  current  le.els  (>  SOO  mA).  These  power  losses  are  due  to  reduced  feedback  caused  by 
insertion  of  the  spatial  filter.  Fig.  12  displays  the  far-field  patterns  at  four  diTerent  current  levels  (260  mA  to 
530  mA)  corresponding  to  four  points  a,  b,  c,  and  d  marked  in  the  L-l  curve  in  Fig.  11.  S  'ce  the  AR 
coating  eliminates  the  competition  between  the  facet  reflections  and  selective  external  feedback,  the  compo¬ 
site  cavity  is  acting  as  a  single  resonant  cavity  for  v  =  1  array  mode,  but  with  the  laser  diode  array  as  a  gain 
medium.  At  moderate  pumping  levels  (^  350  mA).  the  system  outputs  a  stable  single-lobed  t^am.  Fig. 
12(b)  shows  the  far-field  pattern  for  pumping  current  of  300  mA.  with  0.8*  FWKM  and  12  mW  output  power. 
This  lasing  condition  is  maintained  up  to  2.35  times  threshold  current  (530  mA)  with  0  64*  Fv/HM  and  total 
output  power  of  68  mW,  as  shown  in  Fig.  12(d).  Above  this  current  level,  the  residual  facet  reflectivity  starts 
to  intervene  by  weakly  supporting  some  high-order  array  modes,  modifying  the  lasing  characteristics  of  the 
composite  cavity  and  leading  to  multi-lobed  fai  field  patterns.  The  FWHM  of  the  single-lcbed  output  beam  is 
found  to  decrease  with  the  output  power  down  to  0.64*.  This  result  is  in  a  very  good  agreement  with  our 
broad-area  coupled-mode  prediction  of  diffraction-limited  value  of  0.58*  obtained  in  Section  3.  Also  shown  in 
Fig.  11  (dotted  line)  is  the  output  power  that  would  be  emitted  through  an  uncoated  front  facet  with 
reflectivity  R^=  0.3,  estimated  by  calculating  the  threshold  current  and  differential  efiSciency  for  the  extern.-; 
cavity  configuration  with  the  spatial  filter.  The  internal  quantum  efficiency  is  assumed  to  be  constant.  The 
effective  reflectivity  of  the  feedback  facet  is  0.525,  as  estimated  from  variation  of  threshold  current  with  and 
without  external  feedback.  Because  of  the  lower  reflectivity  (0.3  vs.  0.9),  the  threshold  current  is  increased  to 
248  mA  with  simultaneous  increase  of  external  efficiency.  The  calculated  output  power  at  four  current  levels 
corresponding  to  points  a,  b,  c,  d,  is  1 1.3,  49,  196  and  266  mW,  respectively. 

A  small  deviation  of  the  spherical  mirror  from  its  optimal  position  of  focal  plane  coinciding  with  the  feed¬ 
back  facet  changes  the  far-field  characteristic  dramatically.  Displacing  the  mirror  away  from  laser  facet  by  "  8 
pm  destroys  the  single-lobed  output  completely.  When  bringing  the  mirror  closer  toward  the  laser  facet,  the 
tolerance  is  ~  15  pim,  i.e.  two  times  larger.  This  difference  in  tolerances  can  be  understood  by  noting  that  a 
converging  beam  forms  an  image  inside  the  laser  array  which  helps  to  confine  the  reflected  field  better.  Very 
small  lateral  shift  of  feedback  mirror  (<  5  p"*)  causes  a  lateral  shift  of  image  position  at  the  laser  facet,  thus 
promoting  excitation  of  other  array  modes  and  resulting  in  a  multi-lobed  output  beam. 

An  attempt  to  obtain  a  single-lobed  far  field  with  the  spatial  filter  width  smaller  than  0.8  mm  was  only 
partially  successful.  A  single-lobed  output  was  achieved  only  at  low  injection  currents  (£  250  mA).  This  is 
believed  to  be  due  to  1)  insufficient  feedback  level  and  severely  distorted  image  field  when  the  opening  of 
spatial  filter  becomes  too  smaller,  2)  strong  competition  of  the  residual  facet  reflectivity  (-  1%)  with  weak 
feedback,  and  3)  diffraction  and/or  scattering  at  the  sharp  edges  of  narrow  slit  opening,  causing  severe  aberra¬ 
tions  of  the  reflected  field.  For  wider  spatial  filter  widths  (>  0.85  mm),  the  laser  system  always  displayed 
multi-lobed  output  patterns  regardless  of  the  injection  current  levels. 

We  have  also  examined  single-lobed  external-cavity  aitay  operation  under  modulation  conditions.  Both 
sinusoidal  (100  kHz,  70  mA  peak-to-peak)  and  low-duty-cyclc  pulse  (1.66  MHz,  100  ns  pulse  width,  80  mA 
pulse  amplitude)  modulation  experiments  were  performed,  with  the  modulated  current  superimposed  on  2'*0 
mA  DC  bias.  Without  AR  coating,  sinusoidal  modulation  resulted  in  a  substantial  broadening  of  single-lobed 
far  field  (3.4  times  the  theoretical  limit  of  0.58*.  and  1.7  times  the  CW  width).  A  significantly  better  perfor¬ 
mance  was  obtained  with  pulse  modulation,  with  FWHM  of  1.3*  slightly  broadened  compared  to  CW  opera¬ 
tion.  In  addition,  a  broad  low-intensity  floor,  superimposed  on  the  central  lobe,  developed  when  the  uncoated 
array  was  modulated.  After  AR  coating,  the  pulse  modulation  had  no  observable  effect  on  single-lobed 
external-cavity  operation.  This  improvement  is  due  to  stabilizing  influence  of  external  cavity  combined  with 
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suppression  of  internal  resonances  in  AR -coated  array. 

(.  PHASEFRONT  MEASUREMENTS  OF  SINGLE-LOBED  EXTERNAL-CAVITY  LASER  ARRAY 

Different  array  modes  have  their  own  distinct  phasefront  distributions  which  uniquely  determine  their 
far-field  diffraction  patterns.  A  novel  scheme  for  diode  laser  phasefront  measurements  presented  in  Ref.  21 
and  involving  a  lateral  shearing  cyclic  interferometer  is  recalled  here  to  confirm  our  identification  of  the  dom¬ 
inant  array  mode  in  single-lobed  laser  array  with  spatially  filtered  feedback.  Fig.  13  shows  a  somewhat  more 
complicated  set-up  for  phasefront  reconstruction,  in  which  special  care  has  been  taken  to  avoid  any  distortion 
in  the  near-field  image.  An  almost  collimated  near-field  image  is  obtained  by  the  first  objective  lens  system 
with  0.4S  numerical  aperture.  This  near-field  is  divided  into  two  parts  by  an  80%T  -  20%R  beam  splitter.  The 
reflected  part  is  directed  into  a  ring  interferometer  for  phasefront  measurements”.  The  transmitted  near-field 
is  Fourier  transformed  by  a  second  lens  system  and  then  magnified  by  a  third  lens  so  that  the  far-field 
diffraction  patterns  can  be  spatially  resolved  at  the  surface  of  the  spherical  mirror.  During  the  measurements, 
relative  shears  of  ~  S.  10.  and  20  urn  are  used  to  generate  fringe  patterns  and  a  Fourier  transform  algorithm 
is  used  to  retrieve  the  phase  front*\ 

With  the  optimum  tuning,  the  array  starts  to  lase  with  a  single-lobed  beam  at  -  28S  mA  and  with  a 
multi-lobed  output  above  320  mA.  The  high  threshold  and  much  smaller  operating  range  for  single-lobed 
output  are  mainly  due  to  aberrations,  multiple  absorption,  and  reflections  in  the  complex  lens  system  inserted 
inside  the  external  cavity.  To  ensure  a  single-lobed  output,  the  operating  current  is  kept  at  316  mA  during 
the  phasefront  measurements.  Due  to  the  arrangement  of  apparatus,  only  about  7  stripes  (~  70  pm)  of  the 
near-field  are  used  in  generating  the  fringe  patterns” 

Fig.  14  shows  three  fringe  patterns  recorded  at  the  output  of  ring  interferometer  with  three  different 
shears  (~  S.  10.  and  20  pm)  between  two  interfering  beams.  Corresponding  phase  difference  profiles 
extracted  by  a  Fourier  transform  technique”  are  shown  in  Fig.  IS.  All  of  the  retrieved  phasefronts  are  almost 
flat  across  the  entire  range  of  measurements,  which  demonstrates  quantitatively  that  all  adjacent  stripes  are 
in-phase  (0*  phase  shift  between  adjacent  stripes)  when  single-lobed  output  is  obtained  in  the  far  field.  The  0* 
phase  difference  is  inferred  from  our  previous  measurements”  of  free-running  carrier-guided  anays  with 
double-lobed  far-field  output.  In  that  case,  a  half  stripe-spacing  lateral  shear  (»  5  pm)  was  introduced 
between  the  two  interfering  beams  so  that  adjacent  stripes  could  partially  overlap.  This  arrangement  allowed 
us  to  detect  phase  discontinuities  between  two  adjacent  stripes.  The  resulting  phase  difference  profile  (Fig.  6. 
Ref.  21)  clearly  showed  that  in  regions  of  overlap  between  two  adjacent  stripes  there  was  a  180*  phase  jump. 

In  our  present  case,  no  phase  difference  is  revealed  in  regions  where  the  adjacent  stripes  overlap  with  each 
other.  Thus,  in  conjunction  with  the  single-lobed  far-field  output,  we  may  conclude  that  indeed  the  array 
operates  predominantly  in  the  lowest-order  (v  =  1)  array  mode  which  has  the  same  phase  at  lasing  element. 
The  phase  difference  plots  for  one-stripe  (10  pm)  and  two-stripe  (20  pm)  relative  shears  also  display  0*  phase 
difference  all  across  the  junction.  This  again  is  different  from  our  free-running  results”,  where  180*  phase 
difference  was  obtained  for  10  pm  shear  and  0*  phase  difference  was  detected  for  20  pm  shear  (</.  Figs.  9  and 
10  in  Ref.  21).  A  slightly  inclined  slope  of  the  retrieved  phase  difference  for  shears  of  S  and  10  pm  is  due  to 
an  imperfect  zero  frequency  shift  correction  in  processing  of  raw  interferometer  data.  Other  small  features 
along  the  retrieved  wavefronts  indicate  that  the  wavefront  over  a  stripe  was  not  perfectly  flat  but  had  a  small 
curvature  due  to  the  gain-guided  effect  or  small  contributions  from  adjacent  low-order  array  modes.  Small 
phase  jumps  at  the  edges  of  the  recovered  wavefronts  imply  that  the  phase  may  not  have  been  locked  exactly 
at  0*  at  the  array  edges. 


7.  CONCLUSIONS 

In  conclusion,  we  present  a  thorough  theoretical  and  experimental  study  of  uniform  carrier-guided  diode 
laser  arrays  coupled  to  external  cavities  with  spatial  filtering.  Theoretical  analysis  is  based  on  a  new  broad-area 
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coupIed*mode  theory.  Experimentally,  a  single>Iobed,  on-axis,  high-power  (68  mW  with  0.9),  nearly 
diffraction-limited  (0.64*  FWHM)  beam  is  achieved  in  very  good  agreement  with  predictions  of  our  analysis 
(0.S8*  FWHM).  llie  corresponding  output  power  of  166  mW  with  R^s  0.3  is  estimated  for  the  same 
configuration  and  the  same  operating  conditions.  Single-lobed  high-quality  output  beam  is  maintained  up  to 
2.3S/a  in  CW  operation.  Measurements  of  corresponding  near-field  phasefronts  confirm  that  the  fundamental 
array  mode  is  the  major  contributing  mode. 

8.  ACKNOWLEDGMENTS 

Financial  support  from  the  U.S.  Air  Force  Office  of  Scientific  Research  and  the  Air  Force  Weapons 
Laboratory  is  gratefully  acknowledged. 


9.  REFERENCES 

1.  D.  E.  Ackley,  "Single  Longitudinal  Mode  Operation  of  High  Power  Multiple-Stripe  Injection  Lasers’, 
Appl.  Phys.  Lett.,  vol.  42,  pp.  152-154,  15  Jan.  1983. 

2.  D.  R.  Scifres,  C.  Lindstrom,  R.  D.  Burnham.  W.  Streifer,  and  T.  L.  PaoU,  Thasc-Locked  (GaAI)As 
Laser  Diode  Emitting  2.6  W  CW  from  a  Single  Mirror",  Electron.  Lett.,  vol.  19,  pp.  169-171,  3  March 
1983. 

3.  P.  Gavrilovic,  K.  Meehan,  J.  E.  Epler,  N.  Holonyak,  Jr.,  R.  D.  Burnham,  R.  L.  Thornton,  and  W. 

Streifer,  "Impurity  Disordered,  Coupled-Stripe  AlGa  As-GaAs  Quantum  Well  Laser",  Appl.  Phys.  Lett., 
vol.  46,  pp.  857-859,  1  May  1985.  *  * 

4.  F.  Kappeler,  "Monolithic  Phase-Locked  GaAlAs  Laser  Arrays",  Siemens  Forsch.-  u.  Entwickl.-Ber.,  vol. 
14,  pp.  289-294,  1985. 

5.  J.  Yaeli,  Thase  Measurement  of  Laser  Diode  Array  Radiation”,  Appl.  Phys.  Lett.,  vol.  49,  pp.  427-429, 
25  Aug.  1986. 

6.  G.  R.  Hadley,  J.  P,  Hohimer,  and  A.  Owyoung,  Tree-Running  Modes  for  Gain-Guided  Diode  Laser 
Arrays",  lEEEJ.  Quantum  Electron.,  vol.  QE-23,  pp.  765-773,  June  1987. 

7.  J.  Yaeli,  W.  Streifer,  D.  R.  Scifres,  P.  S.  Cross,  R.  L.  Thornton,  and  R.  D.  Burnham,  "Array  Mode  Selec¬ 
tion  Utilizing  an  External  Cavity  Configuration”,  Appl.  Phys.  Lett.,  vol.  47,  pp.  89-91,  15  July  1985. 

8.  C.  Chang-Hasnain,  D.  F.  Welch,  D.  R.  Scifres,  J.  R.  Whinnery,  A.  Dienes,  and  R.  D.  Burnham, 
"Diffraction -Limited  Emission  from  a  Diode  Laser  Array  in  an  Apertured  Graded-Index  Lens  External 
Cavity",  Appl.  Phys.  Lett.,  vol.  49,  pp.  614-616,  15  Sept.  1986. 

9.  C.  J.  Chang-Hasnain,  J.  Berger,  D.  R.  Scifres,  W.  Streifer,  J.  R.  Whinnery,  and  A.  Dienes,  "High  Power 
with  High  Efficiency  in  a  Nanow  Single-Lobed  Beam  from  a  Diode  Laser  Array  in  an  External  Cavity", 
Appl.  Phys.  Lett.,  vol.  50,  pp.  1465-1467,  25  May  1987. 

10.  C.  J.  Chang-Hasnain,  A.  Dienes,  J.  R.  Whinnery,  W.  Streifer,  and  D.  R.  Scifres,  "Characteristics  of  the 
Off-Centered  Apertured  Mirror  External  Cavity  Laser  Array",  Appl.  Phys.  Lett.,  vol.  54,  pp.  484-486,  6 
Feb.  1989. 

11.  R.  G.  Waarts,  D.  Mehuys,  D.  F.  Welch,  and  W.  Streifer,  "675  mW  Diffraction  Limited  Operation  and 
Thermal  Characteristics  of  Laser  Diode  Arrays  in  an  External  Cavity",  Electron.  Lett.,  vol.  26,  pp.  1586- 
1588,  13  Sept.  1990. 

12.  A.  Hardy  and  W.  Streifer,  "Analysis  of  Phased-Array  Diode  Lasers",  Opt.  Lett.,  vol.  10,  pp.  335-337,  July 
1985. 

13.  A.  Hardy  and  W.  Streifer,  "Coupled  Modes  of  Muhiwaveguide  Systems  and  Phased  Arrays",  /.  Lightwave 
Technol.,  vol.  LT-4,  pp.  90-99,  Jan.  1986. 

14.  W.  Streifer,  M.  Osifiski,  and  A.  Hardy,  "Reformulation  of  the  Coupled-Mode  Theory  of  Multi  waveguide 
Systems",  J.  Lightwave  Technol.,  vol.  LT-5,  pp.  1-4,  Jan.  1987. 


330  /  SPtE  Vol.  1418  Laser  Diode  Technology  and  Applications  III  (IS9t) 


15.  C.-P.  Cherng  and  M.  OsiAski,  Toupled  Broad-Area  Mode  Theory  of  Multiple-Stripe  Laser  Arrays”,  to  be 
published  in  IEEE  J.  Quantum  Electron.,  1991. 

16.  A.  Hardy.  W.  Streifer,  and  M.  OsiAski.  Influence  of  External  Mirror  on  Antireflection -Coated  Phased- 
Array  Semiconductor  Lasers”.  A/yrf.  Phys.  Lett.,  vol.  49.  pp.  18S-187,  28  July  1986. 

17.  J.  W.  Goodman,  "Introduction  to  Fourier  Optics",  McGraw-Hill.  San  Francisco,  1968,  Chap.  5,  pp.  90-92. 

18.  J.  W.  Goodman,  "Introduction  to  Fourier  Optics",  McGraw-Hill,  San  Francisco,  1968,  Chap.  4.  pp.  62-65. 

19.  J.-M.  Verdiell  and  R.  Frey,  "A  Broad-Area  Mode-Coupling  Model  for  Multiple-Stripe  Semiconductor 
Lasers”,  IEEE  J.  Quantum  Electron.,  vol.  26.  pp.  270-279,  Feb.  1990. 

20.  J.  M.  Verdiell,  H.  Rajbenbach,  and  J.  P.  Huignard,  ”Array  Modes  of  Multiple-Stripe  Diode  Lasers:  A 
Broad-Area  Mode  Coupling  Approach”,  J.  Appl.  Phys.,  vol.  66.  pp.  1466-1468,  1  Aug.  1989. 

21.  C.-P.  Cherng,  T.  C.  Saivi,  M.  OsiAski.  and  J.  G.  Mclnerney,  "Near  Field  Wavefront  Measurements  of 
Semiconductor  Laser  Arrays  by  Shearing  Interferometry”,  Appl.  Opt.,  vol.  29,  pp.  2701-2706,  2  June, 
1990. 


SPICVol.  14t  8  Laser  Diode  Technologr  and  Applications  81(1991)/  391 


Table  1:  Carrier-Guided  Array  Parameters 


Parameter 

Value 

Wavelength 

0.82  pm 

Array  width 

100  pm 

Number  of  array  elemenU 

to 

Stripe  width 

6  pm 

Inter-itripe  spacing 

4  pm 

Aaive  layer  thickness 

0.2  pm 

AI  contents  in  dsdding  layer 

20« 

A1  contents  in  aaive  layer 

0.04  « 

Antiguiding  faaor 

2 

Am|riitude  of  gain  modulation 

1  cm'* 

Effective  broad -area  gain 

40  an  ' 

Less  in  unpumped  region 

50  cm  * 

Fig.  1  Geometry  of  laser  array  coupled  to  an 
external  cavity  with  spatial  filter. 
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Fig.  3  Cross-coupling  coefficients  between  v 
and  other  array  modes. 
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Fig.  4  Relative  gain  for  cavity  modes  in  a  spatially 
filtered  feedback  configuration. 
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Fig.  2  Self-coupling  coefficients  for  the  first  20 
array  modes. 


Fig.  S  Amplitude  and  phase  parts  of  complex 
anay-mode  mixing  coefficients  for  (  s  1  cavity 
mode. 
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An^l*  (d<«) 

Fig.  6  Far-field  radiation  pattern  for  1  cavity 
mode. 
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Fig.  7  Experimental  set-up  for  studies  of  laser 
arrays  in  external  cavity  with  spatial  filter. 
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Fig.  8  Near-field  patterns  of  a  solitary  ten -stripe 
carrier-guided  array  for  various  pumping  currents. 
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Fig.  9  Far-field  patterns  of  a  solitary  ten-stripe 
carrier-guided  array  for  various  pumping  currents.. 
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Fig.  10  Single-lobed  far  field  pattern  from  an 
uncoated  laser  array  coupled  to  an  external  cavity 
with  spatial  filter.  Pumping  current  I  =  230  mA. 
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Fig.  11  The  L-l  characteristics  of  external-cavity 
laser  array  without  and  with  spatial  filter. 
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Fig.  12  Single-lobed  far*field  pattern  from  an  AR-coated  laser  array  coupled  to  spatial-filter  external  cavity  and 
driven  at  four  levels  of  pumping  currents,  corresponding  to  points  a-d  in  Fig.  11. 
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Confocal  Photoluminescence:  A  Direct  Measurement  of 
Semiconductor  Carrier  Transport  Parameters 
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ABSTRACT 

Using  confocal  microscopy  a  direct  measurement  of  the  minority  carrier  dif¬ 
fusion  length  of  5  pm  is  obtained  for  a  3-nm  thick  AlGaAs/GaAs  graded-index  sepa¬ 
rate  confinement  heterostructure.  A  photoluminescence  spatial  resolution  of  <  1  pm 
is  obtained  by  translating  the  collection  aperture  of  the  confocal  microscopy  ar¬ 
rangement.  This  technique  provides  a  method  for  obtaining  spatial  resolution  in 
photoluminescence  from  semiconductor  structures  that  is  limited  only  by  the  optics 
rather  than  by  carrier  transport  effects.  This  resolution  is  illustrated  by  monitoring 
enhanced  carrier  transport  for  a  transversely  graded  thickness  quantum  well 
formed  MOCVD  growth  over  a  cleaved  sample  edge. 
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Photoluminescence  (PL)  provides  a  powerful,  noncontact  diagnostic  of  semi¬ 
conductor  properties  that  is  routinely  applied  to  monitor  composition,  carrier  con¬ 
centration  and  dynamics,  impurity  species  and  concentrations,  etc.[l]  In  semicon¬ 
ductor  PL,  electron-hole  pairs  are  excited  optically  and  their  recombination  follow¬ 
ing  interaction  with  the  lattice  and  with  impurities,  etc.  provides  the  spectral  in¬ 
formation.  In  contrast  to  Raman  scattering  measurements,  where  the  spatial  reso¬ 
lution  is  determined  solely  by  the  optical  arrangement,  the  spatial  resolution  of  PL 
measurements  is  often  limited  by  carrier  drift  and  diffusion  before  recombination. 
Very  high  spatial  resolution  is  attainable  in  the  excitation  step  using  electron - 
beams  (cathodoluminescence)  or  by  related  techniques  such  as  scanning  tunneling 
microscopy[2].  However,  excited  carrier  transport  still  determines  the  achievable 
resolution.  Near-field  optical  microscopy  [3,4]  can  image  extreme  sub-wavelength 
features  defined  by  large  dielectric  discontinuities,  but  cannot  provide  spatial 
resolution  for  fine  structure. 

Confocal  microscopy  has  advantages  of  enhanced  spatial  resolution,  of  optical 
sectioning  or  depth  profiling,  and  of  relative  insensitivity  to  scattered  light[5]. 
Much  work  has  been  done  on  confocal  fluorescence  in  chemical  and  biological 
samples;  instruments  have  also  been  developed  specifically  for  use  in  semiconductor 
manufacturing  inspection  and  metrology  [6].  In  its  simplest  form,  confocal 
microscopy  uses  matched  illumination  and  collection  optics  and  back-focal-plane 
apertures  to  monitor  the  reflection  (or  transmission)  of  only  a  single  focal  spot  on 
the  sample.  An  image  is  formed  either  by  translating  the  sample  under  this  spot  or 
by  translating  the  optical  train  across  the  sample.  When  applied  to  PL,  confocal 
microscopy  clearly  avoids  the  carrier  transport  issue  by  rejecting  any  luminescence 
that  originates  from  carriers  that  have  moved  outside  of  the  directly  illuminated 
area.  By  translating  the  collection  optics  aperture  to  collect  the  luminescence  as  a 
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ftmction  of  position,  a  simple  and  direct  measurement  of  carrier  transport 
parameters  is  immediately  available.  Similar  experiments  with  lower  resolution 
have  recently  been  reported  [7,8].  These  experiments  were  focused  on  long-range 
carrier  transport  in  "surface-free"  samples  and  did  not  explore  the  resolution  limits 
of  confocal  PL  microscopy. 

Here,  we  report  initial  results  on  confocal  photoluminescence  for  a 
GaAs/AlGaAs  graded-index  separate  confinement  heterostructure  (GRIN-SCH) 
quantum  well  semiconductor  sample,  similar  to  that  used  in  many  semiconductor 
laser  structures.  TTiis  structure  was  grown  on  a  1.2-mm  wide,  cleaved  GaAs  sample 
placed  onto  a  2"-diameter  wafer.  This  results  in  significant  variations  in  the 
quantum  well  thickness  near  the  sample  edges  which  are  explored  using  confocal 
PL  microscopy. 

Effects  observed  include:  direct  measurement  of  carrier  diffusion  length  (-5 
pm  at  room  temperature)  in  the  quantum  well;  variation  of  PL  peak  frequency 
across  entire  sample  with  dramatic  effects  near  the  sample  edges;  a  similar 
variation  of  PL  quantum  efficien<y  across  sample;  and  evidence  for  carrier  drift  in 
the  plane  of  the  quantum  well  towards  a  wider  quantum  well. 

The  optical  arrangement  of  the  confocal  PL  microscope  is  shown  in  Figure  1. 
The  excitation  is  provided  by  an  Ar^-ion  laser  beam  at  514.5  nm  which  is  imaged 
onto  the  sample  using  a  50-|xm  aperture  in  the  back-focal-plane  of  the  final  objec¬ 
tive,  a  beamsplitter,  and  a  60X  microscope  objective  (N.A.  =  0.85)  to  illuminate  a 
~0.75-pm  diameter  spot.  The  focal  spot  diameter  was  calibrated  using  a  knife-edge 
technique.  Total  power  was  varied  from  58  pW  to  380  pW  (~l-7  kW/cm*)  without 
any  change  in  spatial  or  spectral  characteristics.  The  PL  was  collected  with  the 
same  microscope  objective  and  imaged  onto  a  matched  50-pm  apertiire  in  the  back- 
focal-plane  and  further  relayed  to  a  spectrometer  for  spectral  analysis.  The 
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spectrometer  slitwidths  were  large  compared  with  the  aperture  to  avoid  any 
spu'Jous  spatial  tlltering.  Ihis  collection  aperture  could  be  translated  to  allow 
direct  measurement  of  carrier  transport  effects.  Because  of  the  60X  magnification, 
translation  was  readily  accomplished  with  a  simple  micrometer  stage. 

The  illuminated  area  on  the  sample  is  given  by  the  Gaussian  laser  focal  spot. 
The  luminescence  IXfcaAJ  originates  from  a  larger  area  as  a  result  of  carrier  trans¬ 
port  by  diffusion  and  drift  away  from  the  excitation  region.  LCfcaAJ  is  imaged  onto 
the  plane  of  the  collection  aperture  by  the  microscope  objective,  that  is 

=  J I  h(f,p„/M-rG.AJ  I  (1) 

Here,  M  is  the  magnification  and  h(f)  =  2Ji(v)/v  with  u=2nTsinaAi...,  is  the  point 
spread  function  of  the  microscope  objective  at  the  luminescence  wavelength  with 
sina  the  numerical  aperture.  The  spatial  resolution  of  the  collection  is  given  by  this 
point  spread  function  convolved  with  the  aperture  function.  For  a  sufficiently  small 
aperture,  the  achievable  resolution  is  just  given  by  the  Airy  pattern  associated  with 
the  lens  and  is  "O.S-pm  diameter  at  the  sample  at  the  l/e^  points  at  800  nm. 
Topically,  apertures  of  ~  1/2  the  diameter  of  the  point  spread  function,  referenced  to 
the  aperture  plane,  are  required  to  achieve  this  resolution  [5];  the  SO-pm  diameter 
aperture  used  in  these  experiments  is  slightly  larger  and  somewhat  degrades  the 
achieved  resolution. 

The  sample  was  prepared  by  MOCVD  at  a  growth  temperature  of  725*C.  The 
growth  profile  of  the  GRIN-SCH  structure  is  shown  as  the  inset  to  Fig.  1.  The 
background  n-type  doping  of  the  as-grown  quantum  well  is  equivalent  to  a  bulk 
density  of  ~5xl0^*  cm**.  The  starting  material  was  cleaved  in  a  narrow  stripe,  1.2  x 
20  mm*.  This  sample  was  mounted  atop  a  2"  diameter  wafer  with  the  long 


Fong  cmd  Brtuck,  Confocal  Photoluminetcenee... 

6 

dimension  perpendicular  to  the  gas  flow.  The  inhomogeneily  in  the  gas  flow 
introduced  by  the  sample  edges  results  in  a  variation  in  the  growth  rates,  and  in 
the  final  quantum  well  width,  near  the  edges  of  the  sample.  Growth  on  patterned 
substrates  is  a  important  developing  Held  within  optoelectronic  devices[9]. 
Regrowth  over  patterned  areas  is  also  increasingly  important  for  device  isolation 
and  other  novel  functions  that  cannot  be  achieved  with  uniform  growth.  A  detailed 
understanding  of  the  growth  process  over  steps  and  other  topology  is  necessary  for 
full  exploitation  of  these  possibilities. 

Figure  2  shows  the  result  of  scanning  the  sample  in  a  conventional  confocal 
fluorescence  microscopy  arrangement  with  the  collection  aperture  conjugate  with 
the  input  aperture  so  that  the  PL  of  the  excited  region  is  monitored.  Both  the  peak 
PL  wavelength  artd  the  PL  intensity  at  this  wavelength  show  systematic  shifts 
across  the  sample  (0  is  the  middle  of  the  1.2-mm  wide  sample)  with  larger  effects 
near  the  edge.  The  change  in  luminescence  wavelength  suggests  that  the  quantum 
well  width  is  increased  near  the  sample  edge.  The  PL  was  relatively  broad, 
halfwidth  of  23  nm,  which  suggests  that  sample  inhomogeneities,  impurity 
incorporation  and  interface  roughness  significantly  affect  the  carrier  transport. 
Previous  studies  of  minority  carrier  lifetimes  have  shown  that  minority  carrier 
recombination  in  narrow  quantum  well  structures  such  as  these  is  typically 
dominated  by  nonradiative  interface  effects  and  AlGaAs  quality  that  depend 
sensitively  on  growth  temperature  and  other  parameters  of  the  growth  process  [10]. 

TTie  resolution  of  confocal  PL  is  demonstrated  in  Fig.  3.  The  bottom  panel 
shows  the  results  of  three  images  formed  by  translating  the  collection  aperture. 
The  narrowest  scan  is  the  coherent,  bright-fleld  confocal  reflection  image  of  the 
excitation  beam  with  a  HWHM  of  0.38  pm.  The  enhanced  spatial  resolution  of 
coherent  confocal  microscopy  (proportional  to  h*)  and  the  shorter  excitation 
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wavelength  result  in  this  spatial  resolution.  The  intermediate  trace  (HWHM  ~ 
0.9  pm)  for  PL  from  a  thin  dye  film  (LDS-821)  sandwiched  between  glass  slides 
provides  a  measure  of  the  83rstem  resolution,  which  is  lower  for  luminescence  than 
for  bri^t-field  reflection.  The  widest  trace  is  the  sample  PL  taken  at  the  center  of 
the  sample  away  from  the  variations  in  qumitum  weU  width. 

At  the  excitation  wavelength  (514.5  nm)  the  Alo.sGa^  ^As  absorption  length  is 
about  0.2  pm  so  that  the  incident  photons  are  absorbed  into  cladding  and  reach  the 
quantum  well  by  diffusion  processes.  Once  in  the  quantum  well,  the  diffusion 
process  is  two-dimensional.  The  Green's  function  in  two  dimensions  is  KoCp/Lo) 
where  Ko  is  a  modified  Bessel  function,  p  is  the  polar  radius  and  Ld^  =  Dt  with  D 
the  diffusion  coefficient  and  x  the  minority  carrier  lifetime.  The  minority  carrier 
distribution  is  given  by  the  convolution  of  the  source  distribution  with  this  impulse 
response.  For  an  excitation  area  *:mall  compared  with  the  diffusion  length,  this 
simply  gives  a  minority  ca  ,  ier  spatial  dependence  that  scales  as  Ko  with  an 
asymptotic  dependence  of  (p)*^'‘exp(-p)  where  p  -  p/Lp.  The  solid  curves  in  the 
figure  give  the  best  fit  to  thb  Bessel  function  with  Ld=5.3  pm. 

The  middle  panel  of  Fig.  3  shows  the  spatially  resolved  PL,  obtained  for  a 
fixed  excitation  spot  by  translating  the  collection  aperture,  for  an  excitation  spot 
approximately  15  pm  from  the  sample  edge  in  the  region  of  rapid  variation  of  the 
well  thickness  with  distance.  'The  gradient  of  the  well  width  in  this  region  results 
in  an  additional  force  on  the  carriers  drifting  them  towards  the  thicker  regions  of 
the  quantum  well.  This  is  responsible  for  the  asymmetry  and  increased  intensity 
on  the  ri^t-hand  side  of  the  figure.  An  additional  compensating  influence  on  the 
spatial  profiles  is  the  rapidly  decreasing  local  nonradiative  decay  rates  as  the  carri¬ 
ers  drift  towards  the  sample  edge.  The  solid  curves  in  the  figure  give  the  best  fit  to 
the  simple  Bessel  function  diffusion  calculation.  The  enhanced  effective  diffusion 
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length  in  the  direction  towards  the  surface  is  suggestive  of  carrier  drift  towards  the 
wider  portion  of  the  quantum  well.  The  top  trace  shows  the  measured  PL  peak 
frequency  for  the  data  of  the  middle  panel.  The  shift  in  frequency  clearly 
demonstrates  that  the  PL  is  originating  from  carriers  that  are  equilibrated  with  the 
local  band  structure.  The  three  points  marked  with  triangles  were  taken  in  a 
conventional  confocal  geometry,  (Fig.  2)  moving  the  sample  with  the  two  apertures 
in  coi^jugate  positions.  There  is  good  agreement  between  the  frequen<7  shifts  in  the 
two  experiments. 

In  summary,  a  confocal  microscopy  technique  providing  high  spatial  resolu¬ 
tion  for  PL  experiments  has  been  demonstrated.  A  spatial  resolution  of  <  1  pm  is 
achieved.  The  capabilities  of  this  technique  have  been  demonstrated  by  monitoring 
the  spatial  dependence  of  the  PL  for  a  transverse^  graded  GRIN-SCH  structure 
obtained  by  MCXIVD  growth  on  a  patterned  substrate.  Future  experiments  will 
extend  these  measurements  to  more  conventional  patterned  substrates  including 
regrown  laser  arrays  and  unstable  resonators.  Additionally,  measurements  are 
planned  adding  ultrafast  time  resolution  to  this  spatial  resolution  to  obtain  a  more 
complete  picture  of  the  canier  dynamics. 
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Figure  Captions: 

Fig.  1:  Experimental  arrangement  for  confocal  photoluminescence.  The  inset 
shows  the  epitaxial  growth  structure. 

Fig.  2:  Peak  wavelength  of  PL  and  relative  signal  intensity  across  the  sample.  Data 
is  shown  from  the  center  to  an  edge  of  the  1.2-mm  wide  sample.  The  MOCVD  gas 
flow  was  normal  to  this  dimension.  Note  the  rapid  changes  in  PL  wavelength  and 
intensity  near  the  sample  edge. 

Fig.  3:  Spatially  resolved  PL  taken  by  scanning  the  collection  aperture  with  a  fixed 
excitation  spot.  The  narrowest  scan  in  the  bottom  panel  is  the  bright-field  confocal 
reflectivity  of  the  laser  source  (width  ~  0.76  jim),  the  next  scan  is  the  PL  from  a  thin 
dye  film  (LDS-821)  that  provides  a  measure  of  the  experimental  resolution  of  -1.8 
pm  at  the  luminescence  wavelength.  The  final  scan  is  the  PL  from  the  central  po¬ 
sition  of  the  sample.  The  middle  panel  shows  a  similar  scan  from  a  position  15  pm 
from  the  sample  edge.  The  asymmetry  towards  the  right  results  from  carrier  drift 
because  of  the  quantum  well  thickness  gradient.  The  top  panel  shows  the  peak  PL 
wavelength  for  this  data.  The  points  marked  with  a  A  were  obtained  in  a  con¬ 
ventional  confocal  arrangement  (e.  g.  Fig.  2). 
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ABSTRACT 


We  report  the  first  measurements  of  optical  scatter  in  epitaxial 
semiconductor  multilayer  structures.  The  structures  comprise  quarter-wave 
layers  of  Alo  a^aAs/AlAs  and  GaAs/AlAs  grown  by  molecular  beam  epitaxy  and 
Alo  a^aAs/AlAs  grown  by  metal-organic  chemical  vapor  deposition  to  assess 
differences  due  to  growth  technique  and  layer  composition.  The  bidirec¬ 
tional  reflective  distribution  function  (BRDF)  is  measured  at  wavelength  of 
835  run.  This  wavelength  corresponds  closely  to  the  Bragg  reflection  condi¬ 
tion  of  the  multilayer  which  was  determined  by  separate  micro-reflectance 
spectroscopy.  The  BRDF  measurement  yields  values  for  the  total  integrated 
scatter  and  and  effective  surface  roughness.  The  former  is 
in  the  range  7x10'*  to  5x10  ^  while  the  latter  is  in  the  range  3  to  16A.  We 
suspect  that  the  scattering  loss  is  determined  by  the  quality  of  the  sub¬ 
strate  material  and  not  by  artifacts  produced  in  the  growth  process  itself. 
Both  growth  techniques  yield  comparable  scatter  loss  on  average,  but  there 
are  significant  differences  in  microscopic  surface  morphology,  uniformity  of 
scatter  across  the  wafer,  and  lower  limits  of  scatter.  The  measurements 
have  significant  implications  for  applications  such  as  surface  emitting 
laser  technology. 


Semiconductor  surfaces  are  routinely  examined  for  structural  defects 
by  eye  or  under  the  microscope.  Such  examination  usually  occurs  after 
polishing  the  wafer  or  after  growth  of  an  epitaxial  layer.  However,  the  op¬ 
tical  scatter  which  reveals  these  defects  to  the  eye  is  seldom  measured 
quantitatively.  This  is  in  spite  of  the  fact  that  optical  scattering  is  a 
very  powerful  tool  which  yields  information  about  the  microstructure  of  the 
surface  on  an  angstrom  scale.'  The  importance  of  measuring  optical  scatter 
from  microstructure  of  semiconductor  surfaces  and  interfaces  has  arisen 
recently  through  the  development  of  epitaxial  semiconductor  optics.^  These 
structures  comprise  quarter-wave  multilayers  of  semiconductors  with  applica¬ 
tions  including  surface-emitting  lasers,  bistable  optical  devices,  optical 
modulators  and  detectors.  Multilayers  used  as  mirrors  feature  narrow  band 
reflectance  which  can  exceed  99  percent.  Spectral  characteristics  of  multi¬ 
layers  grown  by  both  molecular  beam  epitaxy®  and  chemical  vapor  deposition^ 
have  been  reported.  The  ultimate  reflectance  which  can  be  attained  is 
limited  by  absorption  and  scattering.  Elastic  optical  scattering  is 
primarily  determined  by  the  crystalline  imperfection  of  the  mirror  layers 
and  interfaces.  Defects  such  as  interface  roughness,  surface  defects 
(hillocks  and  oval  defects),  dislocations,  and  compositional  uniformity  will 
all  contribute  to  optical  scatter.  Despite  these  defects,  epitaxial  mirrors 
are  expected  to  exhibit  less  optical  scatter  than  conventional  multilayer 
mirrors  prepared  by  vacuum  deposition.  The  latter  mirrors  exhibit  a  colum¬ 
nar,  polycrystalline  morphology  which  limits  the  perfection  of  the  layers.® 
This  limitation  is  not  present  in  single  crystal  semiconductor  mirrors  which 
are  grown  epitaxially  on  semiconductor  substrates  such  that  atomic  registra¬ 
tion  is  preserved  from  layer  to  layer.  The  substrate  material  can  influence 
the  perfection  of  the  grown  layers.  It  is  the  purpose  of  the  present  letter 
to  report  the  optical  scatter  of  semiconductor  mirrors  grown  on  commonly 
available  GaAs  substrates. 

In  this  letter  we  report  measurements  of  optical  scattering  from 
three  different  structures  comprising  epitaxial  semiconductor  multilayers 


grovm  by  molecular  beam  epitaxy  (MBE)  or  metal-organic  chemical  vapor 
deposition  (MOCVD) .  Two  of  the  structures  BI071  and  UNM150  comprise 
Alo  •  • sAs/AlAs  (710/640  A)  multilayers  and  are  grown  by  MBE  (Riber)  and 

MOCVD,  respectively.  The  third  structure  VR867  comprises  an  AlAs/GaAs 
(850/670  A)  multilayer  grown  by  MBE  (Vacuum  Generators) .  All  three  of  the 
mulilayers  were  designed  as  quarter-wave  high  reflectors  for  the  wavelength 
range  800-900  nm  as  part  of  a  surface-emitting  laser.  Each  multilayer 
showed  a  reflectance  peak  in  this  wavelength  range  when  the  surface  normal 
reflectance  spectrum  was  measured  (data  not  shown  here).  All  of  the  struc¬ 
tures  lased  continuously  with  high  efficiency  at  room  temperature  when 
optically  pumped  with  7525  A  light. 

The  optical  scatter  from  each  structure  was  determined  by  measuring 
the  bidirectional  reflective  distribution  function  (BRDF)  as  described  pre¬ 
viously.®  In  this  measurement,  collimated  light  at  835  nm  was  directed  near 
normal  incidence  (4®  off)  onto  the  sample.  This  wavelength  was  chosen  be¬ 
cause  it  is  near  the  design  wavelength  of  the  high  reflectance  zone  of  the 
mirrors.  Consequently,  only  the  top  surface  and  first  few  mirror  layers  are 
sampled.  Light  scattered  in  the  plane  of  incidence  was  measured  as  a  func¬ 
tion  of  angle  from  the  normal  with  a  small  area  (2.5  mm  diameter) 
photodetector  located  60  cm  from  the  sample.  The  BRDF  is  defined  as 


BRDF  - 


1 


dPs/^s 

'AcosS ’ 
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where  is  the  incident  power,  A  the  irradiated  area,  and  dP^  the  differen¬ 
tial  power  scattered  into  differential  solid  angle  at  angle  8^  from  the 
normal  in  the  plane  of  incidence.  The  units  of  BRDF  are  inverse  steradians. 
In  addition,  the  background  scatter  was  measured  with  the  sample  removed 
from  the  light  beam.  This  allowed  us  to  isolate  the  effects  of  the  in¬ 
strumentation  from  the  scattering  measurements. 

The  BRDF  measurement  was  performed  separately  for  two  different  spot 
sizes  of  2mm  and  0.4mm.  The  larger  spot  size  allows  us  to  extend  the  range 


of  Che  BRDF  measurement  Co  small  scattering  angles.  The  smaller  spot  size 
allows  us  CO  decrease  the  scattering  from  pits  on  the  wafers.  Typically,  we 
observed  pits  that  were  a  few  microns  in  size  and  spaced  hundreds  of  microns 
apart.  The  BRDF  measured  with  the  smaller  spot  size  is  probably  influenced 
by  scattering  from  these  pits  which  are  associated  with  the  substrate.  With 
the  smaller  spot  size,  the  scatter  light  was  measured  at  a  fixed  angle  (9* 
from  normal  which  is  sensitive  to  large  rros  roughness)  while  the  wafer  was 
raster  scanned  with  respect  to  the  fixed  incident  beam.  This  yielded  a  2- 
dimensional  map  of  the  scattering  from  the  wafer  surface.  With  this  map, 
regions  of  lowest  possible  scatter  could  be  identified  and  full  BRDF 
measurement  made.  From  these  maps  we  made  histograms  of  the  frequency  of 
occurence  of  scattered  intensity  across  the  wafer,  shown  in  Fig.  1.  These 
data  show  average  scattered  intensities  that  vary  from  5x10"®  for  DK151, 
8x10*^  for  UNM150,  and  5x10"^  for  VR867.  This  latter  wafer  had  the  least 
average  scatter  and  the  scatter  was  most  uniform  across  the  wafer  as  80%  of 
the  samples  occured  in  the  range  2x10"*  to  2x10**.  The  lowest  possible 
scatter  3x10**  occured  in  a  few  selected  positions  on  wafer  UNM150.  Wafer 
DK151  shows  considerable  more  scatter  and  less  uniformity  than  the  other  two 
wafers . 

The  BRDF  measurements  for  low  scatter  regions  on  the  three  wafers 
are  shown  in  Fig.  2a.  As  well,  the  instrumental  background  measurement  is 
shown  by  the  dashed  line.  Each  scatter  curve  shows  a  pronounced  peak  at  0* 
corresponding  to  specular  reflectance.  There  is  a  break  in  the  data  from  - 
4"  to  -10’  where  the  photodetector  blocks  the  incident  beam.  Away  from  0* 
the  curves  fall  off  by  factors  of  10*  to  10**  depending  on  sample.  The 
shape  of  the  BRDF  is  similar  for  the  two  MBE-grown  structures.  Although 
scattering  from  DK151  is  about  10  times  greater  than  VR867,  both  curves  are 
relatively  flat  for  angles  larger  than  15*.  In  contrast,  the  BRDF  for  the 
MOCVD-grown  structure  continues  to  decrease  for  angles  up  to  30’.  Beyond 
30’  this  curve  is  relatively  flat,  exhibiting  10  to  100  times  less  scatter 
than  the  MBE  grown  wafers. 


The  total  scatter  from  each  wafer  can  be  computed  from  the  BRDF 
measurement  by  assuming  Isotropic  scattering.  The  calculated  total  in¬ 
tegrated  scatter  (CTIS)  is  given  by  CTIS-P^°^/Pgpg^  where 


,tot 


-IN  j: 


max 


(2) 


where  is  the  scattering  angle  and  ^  the  angle  out  of  the  scattering  plane. 
The  CTIS  calculated  from  the  BRDF  measurements  of  Fig.  2a  are  1.3x10  ®  for 
UNM150,  1.4x10' •*  for  VR867,  and  3.2x10'“  for  DK151.  Thus  for  data  of  Fig. 
2a,  the  reduced  large  angle  scattering  for  the  MOCVD-grown  structure  yields 
the  lowest  total  scatter  for  all  wafers. 

The  power  spectral  density  (PSD)  is  a  useful  surface  statistic  which 
can  be  calculated  directly  from  the  BRDF  measurements.'^'®  The  method  for  ob¬ 
taining  the  PSD  from  the  scattering  measurement  has  been  previously 
discussed  for  the  case  of  smooth  surfaces.*®  The  PSD  can  be  interpreted  as 
the  roughness  power  per  unit  spatial  frequency  and  is  shown  in  Fig.  2b  for 
the  three  different  structures.  All  three  curves  show  that  the  roughness 
power  for  scattering  is  maximum  at  low  spatial  frequencies  and  decreases  al¬ 
most  monotonically  to  the  upper  limit  of  the  spatial  frequencies  studied. 
This  general  behavior  is  characteristic  of  most  optical  surfaces.  The 
curves  for  the  two  MBE  grown  structures  are  similar  over  roost  the  spatial 
frequency  range.  The  curve  for  the  MOCVD  grown  structure  is  distinctly 
lower,  especially  at  the  higher  spatial  frequencies  near  1  /iro'*.  An  effec¬ 
tive  root  mean  square  roughness  over  the  1  to  30  fun  range  can  be  determined 
from  the  PSD  curves  by  integrating  over  the  range  of  spatial  frequencies. 

The  results  give  2.7,  8.5,  and  16  A  for  UNM150,  VR867,  and  DK151,  respec¬ 
tively.  The  root  mean  square  roughness  statistic  is  more  appropriate  for 
single  optical  surfaces  and  care  roust  be  exercised  in  its  interpretation  for 


multilayers.  It  represents  the  equivalent  roughness  of  a  hypothetical 
single  optical  surface  with  equivalent  reflectivity. 

The  data  of  Fig.  2  correspond  to  wafer  regions  of  lowest  possible 
scatter  in  the  histograms  of  Fig.  1.  Scattering  data  shown  in  Fig.  3  were 
also  obtained  from  wafer  regions  corresponding  to  the  highest  frequency  of 
occurence  in  the  histograms.  In  these  measurements  the  BRDF  was  recorded 
with  a  larger  spot  size  of  2mm.  As  a  consequence,  the  scatter  could  be 
measured  to  much  smaller  angles  than  chose  in  Fig.  2a.  The  scattering 
curves  for  VR867  and  UNM150  shown  in  Fig.  3a  are  more  sharply  peaked  about 
0*  scattering  angle.  Both  curves  are  relatively  flat  beyond  15*  and  have 
similar  magnitude.  The  calculated  total  integrated  scatter  is  8x10"*  for 
both  curves.  The  PSD  calculated  from  these  curves  are  shown  in  Fig.  3b. 

The  PSD  decreases  monotonically  over  the  extended  range  10'^  to  1  nm' ^  cor¬ 
responding  to  1000  to  1  urn  sizes.  At  low  spatial  frequency  the  PSD  exhibits 
3  major  peaks.  At  high  spatial  frequency  the  PSD  is  nearly  featureless  but 
exhibits  a  minimum  near  0.5  pm*^. 

As  a  separate  part  of  this  study,  we  examined  the  surfaces  of  the 
wafers  by  Normarski  differential  interference  contrast  microscopy,  for 
sample  VR867,  under  low  magnification  50x  the  surface  appears  very  smooth. 
Under  high  magnification  400x,  the  surface  exhibits  a  very  high  density 
(about  10*  cm  *)  of  small  ~1  pits,  barely  visible  to  the  eye.  The  other 
two  samples  UNM150  and  BI071  appeared  very  smooth  under  high  magnification. 
Under  low  magnification,  all  of  the  samples  featured  pits  ranging  in  size 
from  a  few  to  tens  of  microns.  The  pit  density  was  in  the  range  10*  to  10* 
cm  These  pits  are  likely  due  to  inperfections  in  the  substrate  materials 
which  are  reproduced  in  the  epitaxial  layers.  We  note  that  the  scattering 
measurements  of  Fig.  2  (Fig.  3)  are  made  with  a  0.4  mm  (2mm)  spot  on  the 
wafer.  Thus,  tens  to  hundreds  of  pits  are  sampled.  We  anticipate  that 
these  pics  contribute  significantly  to  the  BRDF  scatter  measurements.  Thus 
the  measurements  reported  here  may  not  represent  the  lower  limit  of  intrin¬ 
sic  scatter  by  the  grown- in  roughness  of  the  semiconductor  surface/layer 


interfaces.  If  smaller  sampling  areas  (10  pm  or  less)  could  be  used,  the 
scattering  contribution  due  to  the  pits  could  be  eliminated  completely. 

In  summary,  optical  scattering  measurements  of  surface/interface 
roughness  were  made  for  semiconductor  quarter-wave  multilayers  grown  by  both 
MBE  and  MOCVD.  The  results  showed  that  most  uniform  low  scatter  across  the 
wafer  was  achieved  with  the  MBE  technique.  The  MOCVD  technique  yielded  the 
lowest  possible  total  scatter  10’*  at  selected  wafer  points,  which  compares 
favorably  to  state-of-the-art  ring  laser  gyro  optics.'*  More  typically,  the 
total  scatter  from  such  multilayers  is  about  1x10**  and  is  probably  limited 
by  the  quality  of  the  substrate.  Applications  such  as  GaAs-based  surface- 
emitting  lasers'*  (especially  single  quantum  well  lasers)  should  benefit  by 
improvements  in  multilayers  which  reduce  optical  scatter. 

We  thank  G.  Valliant  and  A.  E.  McDonald  for  technical  assistance. 
This  work  is  supported  by  the  U.  S.  Department  of  Energy  under  contract  num¬ 
ber  DE-AC04-76DP00789. 
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Figure  Captions 


1.  Histograms  showing  the  occurence  of  a  given  scattered  intensity  across 
the  wafer  for  three  different  epitaxial  semiconductor  mirror  structures. 
The  incident  and  scattering  angles  are  A”  and  9*  from  the  surface  normal, 
respectively.  The  spot  size  is  0.4  mra  and  the  light  wavelength  is  835  nm 


2.  (a)  Bidirectional  reflective  distribution  function  (BRDF)  measured  for 
the  three  different  wafers.  The  measurements  were  made  with  a  0.4mm  spot 
size  at  selected  positions  on  the  wafer  corresponding  to  low  scatter.  Uppe 
curve:  wafer  DK151  grown  by  MBE,  middle  curve:  wafer  VR867  grown  by  MBE, 
bottom  curve:  wafer  UNM150  grown  by  MOCVD. 

(b)  Power  spectral  density  for  the  three  wafers.  The  curves  were  com¬ 
puted  from  the  bireflective  distribution  function  shown  in  (a) . 


3.  (a)  Bidirectional  reflective  distribution  function  (BRDF)  measured  for 
samples  VR867  and  UNM150  with  a  2  mm  spot  size  at  positions  on  the  wafer 
corresponding  to  the  average  scatter. 

(b)  Power  spectral  density  computed  from  the  bireflective  distribution 


function  shown  in  (a). 
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Abstract 

We  report  the  generation  of  phase  conjugated  signal  by  single  cell  Brillouin 
enhanced  four-wave  mixing  with  a  focusing  geometry.  A  single  cell  containing  the 
optical  nonlinear  medium  is  used  simultaneously  for  conventional  stimulated 
Brillouin  scattering  and  for  four-wave  mixing.  Experiments  were  performed  using 
either  CS2  or  TiCU  as  the  nonlinear  medium.  These  materials  have  large  Brillouin 
gain  but  differ  greatly  in  their  nonlinear  index  of  refraction,  thus  the  mechanism  for 
four-wave  mixing  is  shown  to  be  BriUouin  nonlinearity.  An  important  advantage  of 
this  geometry  is  that  the  frequency  of  the  phase  conjugate  signal  is  not  shifted  from 
the  pump  frequency. 
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Optical  phase  conjugation  has  received  considerable  attention  recently  because 
of  its  many  potential  applications.  Since  the  first  report  by  Zel’dovich  et  al‘,  phase 
conjugation  has  become  an  important  subfield  of  nonlinear  optics.  The  most  common 
ways  of  generating  phase  conjugation  are  stimulated  Brillouin  scattering  (SBS)  and 
degenerate  four-wave  mixing  (DFWM)l  SBS  is  generated  by  directing  an  intense 
light  beam  into  a  nonlinear  medium.  If  the  input  intensity  reaches  the  SBS  threshold, 
a  Stokes  wave  which  is  the  counterpropagating  phase  conjugate  of  the  incident  wave  is 
generated.  In  the  DFWM  case  two  strong  counterpropagating  pump  beams  and  a 
weak  probe  beam  (at  a  small  angle  with  respect  to  the  pump  beams)  are  mixed  inside 
the  nonlinear  medium,  resulting  in  the  generation  of  a  fourth  (signal)  wave  which  is 
the  phase  conjugate  of  the  probe  beam. 

Both  of  the  above  methods  have  advantages  and  disadvantages.  For  instance, 
SBS  does  not  occur  until  the  incident  pump  intensity  reaches  a  certain  threshold,  and 
the  reflectivity  never  exceeds  unity.  Also,  the  Stokes  wave  frequency  (wg)  is  slightly 
shifted  from  the  input  beam  frequency  (wj^)  by  the  acoustic  frequency  (0)  of  the 
nonlinear  medium  (O/wj^  «  10'*  to  lO'*)*.  The  advantages  of  SBS  are  the  ease  of 
optical  alignment  and  the  noncritical  dependence  on  the  optical  quality  of  the  input 
beam.  On  the  other  hand,  four-wave  mixing  (FWM)  requires  that  the  two  strong 
pump  beams  have  a  high  degree  of  spatial  coherence,  and  is  sensitive  to  the  optical 
alignment.  One  of  the  advantages  of  FWM  is  that  the  reflectivity  of  the  probe  beam 
can  be  larger  than  unity. 

Brillouin  enhanced  four-wave  mixing  (BEFWM)*  is  a  judicious  combination  of 
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the  above  processes.  In  fact,  BEPWM  is  a  nearly  degenerate  four-wave 
configuration,  in  which  the  two  strong  counterpropagate  pump  beams  and  the  weak 
probe  beam  (at  a  small  angle  with  respect  to  one  of  the  pump  beams)  overlap  inside 
the  nonlinear  medium.  In  BEFWM  the  frequency  of  the  probe  beam  is 
Brillouin-shifted  (Stokes  or  anti-Stokes  shift)  with  respect  to  one  of  the  pump  beaxns. 
These  two  waves  interfere  inside  the  active  medium.  This  interference  pattern  drives 
an  acoustic  grating  moving  at  a  speed  dose  to  the  acoustic  speed  in  the  medium.  This 
acoustic  grating  scatters  the  other  pump  beam  to  form  the  phase  conjugate  beam.  It 
has  been  demonstrated  that  the  frequency  of  the  phase  conjugate  beam  be 
upshifted^,  downshifted*’^  or  held  fixed*  with  respect  to  the  probe  beam  frequency  by 
various  combinations  of  the  pump  and  probe  beam  fiequendes. 

BEFWM  has  been  used  to  obtain  phase  conjugate  reflectivities  up  to  10*  with 
very  weak  probe  intensities*.  These  high  reflectivities  are  possible  because  the  phase 
conjugate  intensity  grows  exponentially  in  time  until  the  pump  beams  are  depleted 
and  the  gain  is  saturated.  Recently,  Ackerman  et  al**,  used  a  sophisticated  double 
injection-seeded  laser  experimental  arrangement  with  continuous  tuning  of  the  pump 
and  probe  frequendes  to  obtain  a  phase  conjugate  reflectivity  of  3  x  10^  with  input 
energy  » 10  pJ. 

In  this  letter,  we  report  single  cell  BEFWM  in  a  single  cdl  containing  a 
nonlinear  medium  which  is  simultaneously  used  for  both  conventional  SBS  and  FWM. 
Scott  et  al‘*’‘*  have  reported  experiments  using  a  similar  geometry  with  different 
combinations  of  the  pump  and  probe  frequendes  and  in  a  waveguide  configuration. 
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Our  experimental  arrangement  is  schematically  shown  in  Fig.  1.  The  pump  beam  Ei 

vrith  frequency  u  is  generated  by  a  pulsed  Nd.YAG  laser.  It  consists  of  a  sin^e 

longitudinal  mode  with  a  pulse  duration  of  40  nsec  and  a  beam  diameter  of  4  mm. 

This  pump  beam  Ei  is  initially  P-polarized  (polarization  parallel  to  the  plane  of  the 

paper),  and  is  left  circularly  polarized  in  the  nonlinear  medium  after  it  passes  through 

the  A/4  plate  and  the  focusing  lens  (f  =  15  cm).  In  our  initial  experiment,  the 

nonlinear  medium  was  CSj  because  of  its  large  Brillouin  gain  (0.04  cm/MW)‘*.  The 

CS2  cell  was  a  long  (18  cm)  stainless  steel  tube  with  both  end  windows  AR  coated. 

Since  the  SBS  process  is  not  polarization  conserving,  i.e.,  the  SBS  mirror  reflects  light 

like  a  conventional  mirror,  the  reflected  wave  Ej  is  right  circularly  polarized.  After  a 

second  pass  through  the  A/4  plate,  E2  becomes  S-polarized  (polarization  normal  to 

the  plane  of  the  paper),  and  is  coupled  out  by  the  cube  polarizer.  It  has  a  frequency  uf- 

n,  where  0  is  the  acoustic  phonon  frequency  associated  with  the  SBS  process  (in  our 

case  fl  =  3.75  GHz).  E2  is  guided  through  the  A/4  plate  to  the  other  end  of  the 

0 

nonlinear  cell  and  enters  at  a  small  angle  0  =  3.3  vnth  respect  to  Ej.  It  is  now  the 
probe  beam  E3  in  the  FWM  process.  The  resulting  single  cell  BEFWM  process  is 
shown  in  Fig.  2.  In  this  experimental  configuration,  Ei  and  E3  interfere  to  generate  an 
acoustic  grating  which  moves  from  left  to  right  as  shown  in  Fig.  2.  This  grating 
scatters  E3  to  form  the  left  circularly  beam  E4  which  is  the  phase  conjugate  of  E3. 
From  energy  conservation. 


W4  =  Wl  +  (*>2  “  W3j 


(1) 


and  in  this  experiment  ui  =  u,  uj  =  u-Q  =  uj,  so  that  Ui  =  ut.  The  phase  matching 
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condition  is 


Ak  = -kt-k2  +  ks  +  k4,  (2) 

where  |ki|  =  nui/c.  In  our  configuration,  cos9  =  1,  Ak  ~  0,  and  hence  the  phase 
matching  condition  is  nearly  satisfied. 

Since  Ei  is  focused  into  the  nonlinear  medium,  another  focusing  lens  (f  =  100  cm) 
is  used  to  reduce  the  diameter  of  beam  £3.  The  two  focal  points  are  adjusted  to 
maximize  the  phase  conjugate  signal  which  occurs  when  the  two  beams  overlap  i.e., 
the  focal  point  of  fj  is  to  the  left  of  fi  and  their  separation  is  4.5  cm  in  the  nonlinear 
cell.  The  phase  conjugate  beam  £4  is  detected  by  an  energy  meter  behind  the 
partially  transmitting  (50%)  mirror  M3.  When  the  input  beam  £3  reaches  the  SBS 
threshold,  a  second  SBS  process  occurs.  In  order  to  prevent  the  second  SBS  process 
occurring,  the  intensity  of  the  beam  £3  must  be  less  than  SBS  threshold  of  the 
medium.  An  identical  CSj  cell  next  to  the  FWM  cell  is  used  to  measure  the  threshold 
under  the  same  conditions.  The  measured  SBS  threshold  is  about  1.2  mj.  In  our 
experiments  the  energy  of  the  beam  £3  is  always  kept  below  one-half  of  the  threshold 
energy.  Thus  the  phase  conjugate  signal  observed  is  derived  only  from  the  B£FWM 
process. 

In  this  experiment,  the  energy  of  the  input  beam  £1  was  kept  at  23  mJ,  while 
beam  £3  (which  is  the  SBS  version  of  £1)  was  17.5  mJ.  Typical  experimental  results 
are  shown  in  Fig.  3.  The  highest  reflectivity  in  oui  case  is  about  60%  with  a  pulse 


duration  of  16  nsec.  Much  higher  reflectivities  can  be  obtained  using  BEFWM. 
Watkins  et  al’^  measured  the  threshold  of  instability  at  phase  mismatched  condition 
and  show  that  it  exhibits  minima  as  a  function  of  phase  mismatch,  and  that  the 
minima  occur  at  a  significant  phase  mismatch.  In  our  case,  the  phase  match  condition 
is  satisfied,  so  the  threshold  of  instability  is  even  higher  than  10.  In  this  experiment, 
gliL  =  0.55  (with  L  =  3  cm,  Ii  is  the  pump  intensity  assumed  to  be  undepleted  in 
passing  through  the  nonlinear  medium,  and  g  is  the  brillouin  gain)  which  is  well  below 
the  high  reflectivity  threshold,  explaining  why  the  reflectivity  is  only  60%. 

In  our  first  experiments,  wj  =  wj  =  w  -  fl  so  that  the  interference  between  beams 
E]  and  Ea  can  also  produce  an  index  grating.  In  this  case  Ei  can  be  scattered  by  the 
index  grating  and  a  signal  wave  with  0/4  =s  a;  can  be  generated  from  a  simple  four-wave 
mixing  process,  i.e.,  from  the  contribution  of  CSj  not  only  has  a  large  Brillouin 
gain  but  also  has  a  large  In  order  to  determine  whether  the  signal  comes  from 
BEFWM  or  simple  FWM,  another  series  of  experiments  using  the  nonlinear  medium 
TiCU  was  performed.  TiCU  has  a  Brillouin  gair  gg  which  is  21%  that  of  CS2  but  a 
X^^^  value  which  is  very  small  compared  to  that  of  CSj**’*®.  Our  experimental  results 
show  that  when  TiCU  is  used  at  the  small  probe  (E3)  regime,  the  reflectivity  is  about 
one-fifth  as  large  as  when  CS3  is  the  nonlinear  medium.  Figure  3  shows  that  the 
reflectivity  decreases  as  the  probe  energy  increases,  a  likely  explanation  of  this 
behavior  is  total  saturation".  This  result  confirms  that  the  dominant  process  is 
BEFWM  and  is  not  due  to  x^^^-  In  addition,  the  reflectivity  in  conventional  DFWM 
is  given  by  (k AnL)*  for  small  reflectivity  where  An  =  nal  E  |  ^  and  k  is  the  wavevector 
and  n3  is  the  nonlinear  index  of  refraction.  For  the  conditions  of  our  focusing 
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geometry  the  reflectivity  due  to  FWM  is  calculated  about  1.4%  (with  CS3  as  the 
nonlinear  medium).  This  is  much  smaller  than  the  measured  reflectivity,  so  we  can 
conclude  that  BEFWM  is  the  dominant  process.  Because  the  interference  between  Et 
and  E3  plays  an  important  role  in  the  generation  of  phase  conjugate  signal  in  the 
BEFWM  process,  the  rotation  of  the  A/4  plate  should  reduce  the  phase  conjugate 
signal  to  zero  as  E3  approaches  a  state  of  left  circular  polarization.  This  is  confirmed 
by  the  experimental  observation. 

In  conclusion,  we  have  shown  that  phase  conjugation  can  be  generated  by  single 
cell  BEFWM  with  a  focusing  geometry.  With  a  relatively  large  probe  energy  the 
reflectivity  reached  60%.  The  frequency  of  the  phase  conjugate  beam  is  not  shifted 
from  the  pump  frequency,  and  with  focusing  geometry  the  optical  alignment  is  easier 
than  those  using  a  waveguide  configuration.  In  comparison  with  the  conventional 
BEFWM  configuration  in  which  two  nonlinear  cells  are  used,  our  configuration  is 
more  compact. 
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Figure  captions 

Fig.  1.  Experimental  setup  of  the  self-pumped  BEFWM  scheme.  PBS,  polarized 
beam  splitter;  A/4,  quarter  wave  plate;  fi,  U  focal  lenses  with  focal  length  15  and  100 
cm;  Ml  and  M2  are  total  reflection  mirrors;  M3,  50%R  mirror;  D,  detector. 

Fig.  2.  Schematic  diagram  of  the  frequency  and  polarization  relationship  use  in  self 
pumped  BEFWM.  L(R):  left  (right)  circular  polarization;  Cl  is  the  acoustic  frequency 
of  the  medium. 

Fig.  3.  Dependence  of  the  phase  conjugate  reflectivity  on  the  probe  beam  energy  for  a 
fixed  pump  energy  23  mJ.  (0);  CS2  is  the  nonlinear  medium;  (#):  TiCU  is  the 
nonlinear  medium. 
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ABSTRACT 

While  considerable  attention  has  rightly  been  paid  to  the  spatial  coherence  properties  of  high-power  semiconducux  lasers, 
very  little  work  has  been  done  to  optimize  their  temporal  coherence,  as  might  be  required  by  rq^lications  such  as  pulsed- 
Doppler  laser  radar,  widespread  optical  clock  distribution  in  disposive  channels,  and  spectroscopy. 

Here  we  describe  the  operation  of  a  wide  stripe  (100  pm)  GRIN-SCH-SQW  GaAs/AlGaAs  device,  which  when  first 
fabricated  with  a  threshold  current  of  -400  mA.  A  high-reflectivity  (R  -  85  %)  dielectric-metal  coating  wa  deposited  on 
one  side  and  a  two-layer  anti -reflection  coating  (R  <  1%)  was  deposited  on  the  other  (internal)  facet.  Various  external 
cavities  were  constructed  and  their  spectral  properties  examined.  A  simple  mirror  external  cavity  gave  a  maximum 
threshold  reduction  (to  original  threshold  current)  but  the  longitudinal  mode  spectrum  was  tn'oad  and  unstable.  By 
ccmtrast,  when  a  1200  line/mm  diffraction  grating  was  coupled  so  that  its  rulings  were  parallel  to  the  laser  junction,  tlK 
laser  has  a  threshold  of  550  mA  and  operated  up  to  at  least  2.5  Ith  in  a  singlejtanow  (  <  0.5  A,  instrument  limited) 
longitudinal  mode  which  was  tunable  from  7770  to  8080  A  by  rotating  the  grating.  Using  this  configuratimi  the  laser 
produced  more  than  500  mW  in  pulsed  mode  (0.8  ps,  10  kHz).  The  ouqnit  wavelength  was  extremely  stable  with  respect 
to  variations  in  current  and  temperature. 


1.  INTRODUCnON 

Narrow  linewidth  and  wavelength  tunability  of  semiconductor  lasers  with  high  output  power  are  highly  desirable  in  many 
^plications* .  Such  devices  are  needed  in  areas  of  coherent  optical  fiber  communications,  free  space  cmnmunications, 
microwave  energy  transmissions  and  nonlinear  optical  frequency  generations.  We  have  developed  a  system  which  uses  a 
pulsed  semiconductor  laser  coupled  to  an  external  grating  to  pixxluce  500  mW  peak  power  of  output  power,  with  a 
linewidth  of  0.5  A  or  less,  and  a  tuning  range  of  about  3(X)  A. 

Using  an  external  cavity  to  achieve  single  longitudinal  modes  and  narrow  linewidth  has  been  done  i»eviously  by  several 
groups  One  such  group  has  reported  a  tuning  range  of  200  nm  using  a  grating  external  cavity  with  a  10  mW  single- 
mode  output  powef*.  However,  to  our  knowledge  only  Mitteistein  et  al.  have  produced  significant  output  power  of  200 
mW  using  an  external  cavity  system^. 

Because  semiconductor  laser  material  have  a  wide  and  flat  gain  qtectra,  it  is  possible  to  achieve  lasing  over  a  wide  tuning 
range.  The  grating  fimctions  as  a  wavelength  filter  so  single  longitudinal-mode  operation  of  the  semiconductor  laser  can 
be  easily  achieved  with  such  configuration.  The  wavelength  selectivity  of  the  grating  allows  the  lasing  wavelength  of  the 
external  cavity  laser  to  be  adjusted  to  a  desired  wavelength,  even  though  this  wavelength  may  locate  a  distance  away  from 
the  gain  peak  for  the  active  material.  Wavelength  hming  by  mechanicaUy  rotating  the  grating  is  discontinuous  becmse  of 
the  fixed  longitudinal-mode  frequency.  Continuous  frequency  tuning  within  a  longinidinal-mode  gracing  can  be  realized 
by  varying  the  cavity  length  and  consequence  frequency  shift  of  the  longitudinal  mode.  Also,  by  using  grating  external 
cavity,  the  lasing  wavelength  can  be  stabilized  against  tlK  change  of  injection  current  or  device  temperature. 

One  problem  inherent  in  an  external  cavity  system  is  that  both  the  solitary  laser  and  external  cavity  cmnpete  for 
dominance.  To  eliminate  this  problem,  the  semicrmductor  laser  should  have  the  internal  facet  antireflection  (AR)  coated, 
ao  that  the  extonal  cavity  has  dominant  influence  on  the  lasing  condition. 
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2.  EXPERIMENT 


The  laser  material  used  in  our  experiment  was  a  graded-index  separate-confinement  heterostructure  (GRIN-SCH)  with  a 
single  quantum  well,  grown  by  metalorganic  chemical  vapor  deposition  (MOCVD )  at  CHTM,  UNM.  The  laser  structure 
is  shown  in  Figure  1.  In  the  lateral  dimension  the  laser  is  purely  gain  guided.  The  finished  laser  diodes  had  a  cavity 
length  of  SOO  pm.  and  a  stripe  width  of  100  pm.  The  threshold  of  the  laser  diode  was  about  400  mA  when  first  fabricated. 
As  mentioned  previously,  the  front  facet  of  the  laser  diode  then  was  AR  coated  (  <  1%  )  to  increase  the  external  cavity 
coupling  efficiency.  The  rear  facet  was  high-reflection  (HR)  coated  to  improve  single-ended  power  output  In  addition  to 
fHoducing  high  output  power,  such  kind  of  wide  stripe  laser  are  advantageous  due  to  their  simple  structure  and  easy  to 
fabrication. 

In  our  experimental  arrangement  a  blazed  grating  having  1200  lines/mm  was  used  in  the  second  diffraction  OTder  for 
critical  fe^back.  The  grating  lines  were  aligned  parallel  to  the  epitaxial  growth  plane  of  the  laser  diode,  hence  the  active 
layer  waveguide  acts  as  the  entrance  slit  of  a  monochromatcar  in  coupling  the  feedback  into  the  diode.  It  is  noted  that  the 
external  cavity  is  less  effective  when  the  grating  lines  are  perpendicular  to  the  growth  plane  in  the  case  of  wide  stripe 
lasers,  although  it  works  well  for  nanow  stripe  lasers.  The  length  of  the  external  cavity  is  about  1  meter. 

The  experimental  setup  which  was  used  for  tunable  externa]  cavity  laser  is  depicted  in  Figure  2.  The  laser  diode  was 
driven  by  a  pulsed  current  source,  with  a  pulse  width  of  1  ps  and  a  repetition  rate  of  10  kHz.  The  optical  spectra  were 
measured  using  a  Spex  1704  grating  monochromator,  with  a  resolution  of  O.S  A.  Optical  output  power  was  monitored  with 
a  Fhotodyne  44  XLA  power  meter.  To  take  power  measurements  with  and  without  optical  feedback,  a  beam  qrlitter  was 
used  to  extract  a  portion  of  the  beam  from  the  external  cavity  and  the  cavity  was  blocked  to  eliminate  feedback. 

A  simple  mirror  external  cavity  gave  a  maximum  threshold  reduction  (to  original  threshold  current)  but  the  longitudinal 
mode  spectrum  was  broad  and  unstable.  In  Figure  3  we  show  typical  laser  diode  spectra  (a)  without  qitical  feed  back  ,  and 
(b)  with  feedback  from  a  conventional  mirror.  By  contrast,  when  a  1200  line/mm  diffraction  grating  was  coupled  so  that 
its  rulings  were  parallel  to  the  laser  junction,  the  laser  has  a  threshold  of  about  550  mA  and  (grated  up  to  at  least  2.5  I|], 
in  a  single,natTow  ( <  0.5  A,  instrument  limited)  longitudinal  mode.  Figure  4  shows  the  optical  specua  of  the  laser  diode 
with  feedback  from  a  grating  external  cavity  under  the  same  operating  condition  as  in  Figure  3.  This  shows  that  grating 
coupling  of  the  laser  diode  produces  a  narrowing  of  the  spectra  by  2  to  3  orders  of  magnitude. 

Figure  5  shows  the  output  power  variation  as  the  operating  wavelength  is  changed  by  adjusting  the  tilt  angle  of  the  grating. 
The  spectra  width  is  less  than  0.5  A  ( the  instrument  resolution  limit ).  The  operating  condition  is  same  as  before. 

Figure  6  shows  the  subility  of  the  grating  external  cavity  laser.  The  driving  current  varied,  but  the  operating  wavelength  is 
very  stable  and  the  spectra  remains  single  longitudinal  mode. 

As  the  grating  tilt  angle  is  mechanically  rotated,  the  operating  wavelength  of  the  laser  can  be  tuned  in  a  wide  range.  Figure 
7  shows  the  tuning  of  the  wavelength.  The  peak  output  power  of  the  laser  diode  is  about  550  mW.  From  Figure  7  we  can 
see  that  the  tuning  range  is  above  300  A,  from  7770  to  8085  A.  At  either  end  of  the  tuning  curve,  the  feedback  from  the 
grating  is  insufficient  to  sufqxirt  lasing  action. 

In  a  seperate  experiment,  using  the  conflguiation  shown  in  Hgure  8,  we  use  two  grating  external  cavities  simultaneously. 
When  the  two  gratings  ate  tilted  in  such  a  way  that  they  correspond  to  two  lasing  wavelengths  and  these  two  wavelengths 
locate  at  opposite  side  of  the  peak  of  gain  curve  of  the  laser  diode,  it  is  possible  to  obtain  a  two-wavelength  laser.  Hgure  9 
shows  the  spectra  of  this  two-grating  external  cavity  laser.  The  separation  between  these  two  wavelengths  can  be  adjusted 
by  two  gratings.  Also,  one  of  the  two  gratings  in  the  experiment  arrangement  can  be  replaced  by  a  mirror,  which  will  give 
an  improved  power  output  Such  a  device  could  be  used  in  wavelength-division-multiplexing  system  and  in  optical 
frequency  mixing  experiments. 


3.  SUMMARY 


To  suminarize,  using  a  grating  external  cavity,  a  high  power,  narrow  tinewidth  semiconductor  laser  has  been  realized. 
Specifically,  our  external  grating  cavity  laser  h^:  1)  less  than  a  0.S  A  linewidth  single  longitudinal  mode,  2)  greater  than 
300  A  wavelength  tuning  range  at  a  wavelength  -  800  A,  3)  more  than  5SO  mW  of  optical  power  in  pulsed  mode,  4) 
excellent  wavelength  stability,  and  S)  the  capability  of  two-wavelength  (^ration. 
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Hg.l  The  structure  of  laser  material  used  in  the 
experiment 


Fig.2  Experimental  arrangement  of  grating  external 
cavity  laser  diode. 
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Pig.3  Spectra  for  laser  diode  a)  fiee  running,  b)  with 
from  mirror  external  cavity. 


Fig.4  The  spectrum  ouqnit  of  the  laser  diode  with 
feed  back  from  grating  external  cavity. 


Fig.S  The  output  power  variation  as  the  operating 
wavelength  is  changed  by  adjusting  the  tilt  angle  of  the 
grating. 
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Bg.7  The  tuning  of  the  ou^t  wavelength  by  rotating 
the  grating. 
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Fig.6  The  wavelength  stability  of  the  grating  external 
cavity  laser  diode  under  different  injection  cunenL 


IIONQC*«IO«ATOII 


CXTCMIlCirrAL  fCTU» 


Fig.8  Experimental  anrangcment  for  two-wavelength 
laser  operatioit 
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of  arbitrary  polcalial  proAle  which  also  ukes  into  account  the 
nooparaboKcity  of  banda.  The  validity  of  the  technique  ia  ooo* 
firn^  by  collating  the  eigenenergies  of  rectangular  and 
graded  iralla.  This  approach  can  also  be  extended  to  cakulaie 
eigenenergies  of  multiple  quantum  wcDs  and  superlatticea. 
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STABLE-LOCKINQ  BANDWIDTH  IN 
SIDEMODE  INJECTION  LOCKED 
SEMICONDUCTOR  LASERS 


litdexiag  term:  Semkendyeter  lasers,  OptoeUciroaks,  Lasers 
and  laser  appHcatiaai 

An  analytical  ciprctsion  for  the  posable  ridemodc  locking 
bsndwidth,  ooosiaeoi  with  the  fonnula  for  peak-mode  utjec- 
tioo  locking,  is  derived.  Small-signal  analysis  is  then  applied 
to  investigate  the  stable  part  of  the  lockiag  range.  The  resuRt 
demonstrate  that  sidem^  iiyectioo  locking  offers  retaxad 
operational  requirements  (or  frequency  matching,  with 
enhanced  bands^th,  srhile  retaining  the  traditional  benefits 
of  injection  locking 


Iraroduction:  An  injection  locking  technique  has  been  used  to 
improve  or  to  control  static  and  dynamic  lasing  character* 
istka  of  semiconductor  lasers  for  various  applications,  inciud* 
ing  long-distance  high-speed  digital  fibre  transmission  and 
coherent  communication  systems.  For  example,  singlemode 
operation  under  hi^speed  modulation  has  been  adiieved,' 
spectral  linewidth'  and  frequency  chirping'  have  been 
sauced,  aiHl  mode  partition  noise  bu  been  suppressed,*  thus 
enabbng  longer  renter  spadnp  and  faster  data  rates  in 
coherent  communication  sj^ems.  However,  a  strong  phase- 
amplitude  coupling  in  semiconductor  lasers*  imposes  strin¬ 
gent  operation^  requirements  for  stable  locking  and  limits  the 
practi^  benefits  of  this  technique.  It  is  therefore  important  to 
examine  whether  these  limitations  can  be  reduced  by  choosing 
a  target  mode  diflerent  from  the  free-running  dominant  mode. 

Since  the  pioneering  work  of  Goldberg  «t  af.*  who  applied 
the  sidemode  Gntemiodal)  injection  locking  to  measure  the 
semicooductor  laser  gain  spectra,  virtually  no  further  research 
cm  this  technique  hm  bera  reported.  We  demonstrate  that 
ndemode  injection  locking  deserves  more  attention  because  it 
enhances  the  stable  locking  range. 

Theory:  The  iqjection  hKking  range  (or  various  target  modes 
can  be  obtained  from  multifflode  rate  equations  describing 
temporal  evoluticm  of  photon  density  for  all  modes  and  phase 


+  }e.AC.-/(F^FJ*«sindi 


(I) 

(3) 


with  F..  F,  the  average  photon  densities  of  the  mode  m  and 
the  injected  light,  respectively,  taken  over  the  effective  volume 
occupied  by  the  transverse  mode,  G.  the  temporal  modal 
gain,  y  the  photon  decay  rate,  /the  intennodal  spacing  in  the 
frequency  domain,  dj -(<».- WiX  +  d.  -  di]  the  reUtive 
phase  between  the  injected  li  jbt  with  the  phasor  oi,  r  -t-  di  and 
the  urget  mode  with  the  phasor  cu.t  -I-  d^  T  the  transverse- 
mode-d^ndent  confinement  factor,  tte  spontaneous  emis¬ 
sion  coupling  factor,  the  total  spontaneous  emission  rate 
per  unit  volume,  /i,,  0,  the  effective  mode  and  the  effective 
group  index,  respectively,  o>.,  Q,  the  angular  frequencies  of  the 
target  mode  and  the  cavity  resonance,  s,  the  linewidth 
enhancement  factor,  and  AG,  the  carrier-induced  gain  change 
due  to  external  light  injection.  Although  the  second  term  on 
the  right  hand  si^  of  eqn.  I  representing  the  external  injec¬ 
tion  is  similar  to  the  ooe  for  peak -mode  injection  locking,^  its 
magnitude  for  the  sidemode  case  can  be  much  larger  due  to 
the  gain  curve  rolloff.  The  gain  function  is  assumed  to  vary 
linearly  with  carrier  concentration  and  parabolically  with  the 
wavelength  difference  between  the  gain  peak  and  the  mode 
under  consideration.* 

Eqns.  I  and  2  are  oompiemented  by  the  standard  carrier- 
concentration  rate  equation.*  For  strongly  index-guided  semi¬ 
conductor  laser  structures  the  active-region  lateral  dimensions 
are  often  small  compared  to  the  diffusion  length,  and  hence  we 
can  neglect  carrier  diffusion  effects. 

UndCT  steady-state  conditions,  eqns.  I  and  3  yield  a  detun¬ 
ing  relation,  which  in  turn  gives  the  following  expression  Ibr 
(he  possible  locking  range: 


-Ai +  «?)''*  sn».-(n,-yAnjs/»  0) 


where  «nd  Afl,  -  j{a,/i,/|i.KaG, 

-  Correspondingly,  the  possible  locked  ^ase  Ai. 

is  limited  to  -r/2  $  At  $  a/2  -  arctan  a,.  The  excess  tempo¬ 
ral  gain  AG,,  necessary  Ibr  the  injected  mode  to  reach  the 
nominal  thrmhold  level  y  when  the  carrier  density  n  is  at  iu 
reference  value  n„j  &  a^,  requires  more  injected  optical  power 
in  sidemode  injection  than  in  the  gain-peak-mode  case,  thus 
leading  to  stronger  damping.  Larger  values  of  F,  required  for 
sidemode  injection  also  result  in  larger  p,  enhancing  the  pos¬ 
sible  locking  range. 


Numerical  simulaiioit  and  discuassort:  The  possible  locking 
range  for  the  sidemode  injectfon,  pven  by  eon.  3.  differs  from 
the  conventional  peak-m^-injection  result*  by  an  extra  fre¬ 
quency  oflset  term  Af^  due  to  an  increased  ^reshoid  gain 
deficit  Similarly  to  peak-mode  injection,*''*  only  a  pan  of  the 
possible  locking  range  is  dynainically  stable.  A  simple  and 
meaningful  ana^rtical  expression  for  stable  locking  bandwidth 
is  not  obtainable. 

We  therefore  investigate  the  dynamical  stability  of 
injection-locked  stales  by  considering  small  fluctuations 
around  the  stationary  solutions.  After  taking  a  Laplace  uans- 
form  of  linearised  rate  equations  containing  only  fint-order 
fluctuation  terms,  we  determine  the  stability  of  the  solutions 
by  examining  the  roots  of  the  secular  determinanL 

A  typical  index-guided  InGaAsP/InP  laser  emitting  at 

l-S4/im  wavelengA  with  a  240 /on  long  Fabry-Pirot  cavity 
is  considered  as  an  example.  II  longitudinal  modes  are 
included  in  the  cakulations.  Loogitudind  mode  selection  by 
external  light  iiyectioo  is  fliustrated  in  Fig.  1,  showing  the 
relative  iqjection  level  required  to  maintain  a  constant  mode- 
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pnr[Tfmi~~  ntio  (MSR)  oC  30  at  ft  txftd  driving  cumat  of 
l-llgt.  wtoc  f A  dcaotet  llw  frftft'raaaiag  IftMT  thrcftbold. 

The  ipec^  dcpeadenoe  of  the  phnie  interval  and  the  oon*- 
tpftixting  frequenqr  bandwidth  for  stable  locfcing  are  iOus* 
tmted  in  Figa  2  and  3.  The  bias  and  MSR  conditions  are  the 
— as  in  Fig.  I.  The  stable  kxfced-pbase  interval  b  rather 
■anow  except  for  weak  rdative  iige^a  into  the  0  oMdc, 
srhere  the  boundary  for  suble  locking  extends  down  to  -a/l 
and  the  foil  kxfcing  range  becomes  dynamically  stable.'*  For 
strong  injection  required  to  achieve  higher  MSR  values  (say, 
dOt  not  shown  in  the  Figures),  the  suble-pluse  interval  ten^ 
to  exp^  gradually  as  the  target  mode  moves  away  from  the 
gain  peak,  while  the  cortespon^g  range  for  0-mode  injection 
shrinks  to  less  than  a/4.  latter  is  consistent  with  experi¬ 
mental  observations.*-'*  Owing  to  nonzero  a^  the  zero  phase 
is  not  located  at  the  centre  of  the  stable  locked-phase  interval, 
but  it  is  always  within  the  interval  As  shown  in  Fig  3,  the 
frequency  matching  bandwidth  for  stable  locking  is  increased 
significantly  when  the  target  mode  moves  away  from  the  free- 
running  dominant  mode.  This  result  implies  that  better 
locking  and  eased  operational  tolerances  can  be  expected  with 
sidemode  injection  locking  technique. 


flgl  Ktlatnit  b^tction  Ineb  requirtd  to  ochUve  MSX  of  X  ot  bias 
levH  of  X%  obcM  jt-re-noMiiie  ihrtshoU  for  oahouis  ii^tctti  lorgtt 

moda 

Rdative  ieiectioe  Icvd  is  defined  as  ratio  of  injected  photon  dentiiy 
and  teaultant  photon  density  in  tarpH  mode  at  aero-phase  injection 
Negative  mode  numbers  correspond  to  longer-*avcleo|ib  side  of 
fice.ninniaf  spectrum 
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iniecied  mode  nksnber 

Pig  3  SleNr  loekcd-pfinae  taurvaU  m  Mm  iend  rf  20%  show  >ar- 
rwmb^  OrtAoUftr  omioas  bftaed  modts 

Optknl  injection  Icvd  for  cnch  asode  is  such  that  aero-phase  MSR 
of  20  is  maintainad 


Cdnchutom:  Sidemoda  favectfoa  focfciag  of  semiooadnetor 
lasets  hat  been  analysed  using  multimode  rate  equatioea.  Aa 
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injected  mode  rxjmber  _ 
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ng3  Stable  fiequeiief-detuiuiig  intervals  for  some  optical  upturn 
conditions  as  in  Fig.  2 

Note  that  frequency  lange  fr>r  suble  0-mode  locking  is  small 
despite  wide  range  of  permitted  pbasea 

analytical  expression  for  the  possible  locking  bandwidth  has 
been  obtained.  Smafi-signal  numerical  study  has  revealed  that 
sidemode  injection  offers  enhanced  suble-locking  bandwidth, 
thus  relaxing  operational  requirements  for  frequency  match¬ 
ing  l^uivalently,  the  modulation  bandwidth  can  be  incrfasfd 
by  this  technique,  while  reuining  the  traditional  benefiu  of 
injection  locking  such  as  enhancing  the  field  damping 
narrowing  the  apectral  linewidth,  increasing  modal  sUbOity, 
and  reducing  the  dynamic  frequency  chirp  during  the  direct 
modulation. 
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■Mtiplim  pMfoeit  Ac*  tta  aampBng  pulw  wfll  atroba  throupk 
the  tigBiL  iwiicliiag  out  and  aampfiag  at  a  rale  detenniiwd  by 
the  h^ueocy  djiffcreaec.  A  large  area  detector  n  aaaodatioa 
with  b^  pia.  low  baadwidth  anplifien  caa  be  uaed  to 
detect  a^  display  a  aaaipled  image  of  the  sigtal,  with  a  teat* 
poral  rcsolutioB  hiBited  oaly  by  the  duratioe  of  the  tampliag 
pulse  aad  the  walkoff  due  to  dispersioo  when  it  is  considered. 
Hoawm,  it  should  be  poaeible,  either  through  the  appticaiioa 
of  dispersioo  llatteoed  &brc  ia  the  loop  or  appropriate  fibre 
and  wavelength  seketioo,  to  minimise  the  disp^ve  effects. 


PICOSECOND  OPTICAL  FIBRE  SAMPUNQ 
OSCILLOSCOPE 

Initxitig  terms:  Optical  fibres,  OsciDoseopts,  Optical  meaaat- 

HUM 

Ao  optical  tampliag  otdlloaoope,  bated  amply  oe  a  dual 
waveleagth,  ttrobotcopic  tmtehiag  operatioa.  ia  a  aoalincar 
loop  mirror  has  been  used  to  directly  measure,  witk  picaaa> 
ooad  retolutioa,  Ike  pultet  generated  from  a  gain  twitched 
temkoaductor  laser.  The  detected  pulset  were  directly  coar- 
pared  to  Ikote  obtained  with  aa  eteAronically  driven,  optical 
sampling  otdllotoope. 

tittroductUm:  Over  the  past  few  years,  the  nonlinear  fibre 
mirror’'*  has  been  successfully  introduced  as  the  santchiag 
element,  both  for  soUton  and  nonsoliton  pulses  in  various 
geoinetries.*~*  Probably  one  of  the  most  important  a^lica* 
tions  of  these  devices  is  in  dual  wavelength  operation**-** 
and  iu  relevance  to  ultrafast.  aff  optical  demulti^sing'*  This 
is  esped^  so  because  operation  has  recently  been  demon¬ 
strated  using  aO  semiconduclor  laser  driving  in  associatioB 
with  long’ km)  fibre  loop  lengths.'* 

The  successful  demonsuation  of  dual  wavelength  operation 
of  the  nonlinear  loop  minor  device  has  given  rise  to  the  idea 
of  an  all  optical,  pulse  sampling  technk|ue,'*  which  is  concep¬ 
tually  similar  to  the  original  optical  Ken  gate  pulsewidth 
measurement  method.'* 

The  principle  of  operation’*  can  be  described  by  consider¬ 
ing  a  simple  nonlinear  Sagnac  loop  minor  (see  for  example 
Fig  11  constructed  from  a  coupler  which  has  a  3dB  splitting 
ratio  at  the  signal  wavelength  and  is  unbalanced  at  the  sam¬ 
pling  wavelen^.  In  the  absence  of  the  sampUng  pubes,  the 
loop  acts  simply  as  a  Sagnac  interferometer  for  the  weak 
signal  pulses  and  the  transmission  through  the  device  is  sera 
In  the  pretence  of  the  sampling  pulses,  btnuse  dilTcrent  inten¬ 
sities  of  the  sampling  sig^  propagate  in  the  dodtwise  and 
anticlockwise  directions,  the  signal  devdops  a  phase  mismal^ 
due  to  the  aosscoupling  term.  If  a  long  signal  pulse  is 
gMiiwwi^,  thb  phase  difference  only  occun  for  a  time  which  is 
equal  to  the  duration  of  the  sampling  pulse,  i.e.  where  they 
temporally  overlap,  assuming  no  group  vdodty  mismatch 
effecu  arc  present  Consequently,  on  traversing  the  loop,  that 
part  of  the  signal  with  the  imposed  phase  differeiroe  will  be 
switched  out  with  a  duration  equal  to  the  sampling  pulse.  If  a 
fixed  frequency  difference  b  introduced  between  tbe  signal  aad 


frequency 

synthesiser 


1  55 tim. 25 Ops. too  MHz  *af 


Experimeal:  A  schematic  diagram  of  the  experimental 
arrangement  is  shoara  in  Fig  I.  The  tignal  source  was 
obtained  initially  from  a  GaJnAsP  ridge  waveguide  semicon¬ 
ductor  laser,  operating  at  l  SS>aB,  gain  switched  at  l(X)MHz 
to  produce  250ps  pt^es,  with  an  average  power  of  100><W. 
No  attempt  was  made  to  optimiae  tbe  electronic  drive  charac¬ 
teristics  to  obtain  shorter  optical  pulses  or  to  minimise  electri¬ 
cal  ringing  on  the  drive  signals,  to  investigate  the  sensitivity  of 
the  measurement  technique  to  tbe  structured  components  so 
generated. 

Tbe  probe  (sampling)  pulses  were  derived  from  a  CW 
pumped,  mode-locked  Nd :  YAC  laser,  operating  at  1-32^01, 
producing  80ps  pulses  at  a  100 MHZ  re^iition  rate.  A  con¬ 
ventional  optical  fibre  grating  pair  compressor  was  used  to 
generate  probe  pulses  of  bps  duration,  idlowing  a  maximum 
peak  power  of  160W  in  tM  nonlinear  loop.  Two  frequency 
synthesisers,  driven  from  a  common  oscillator  were  u^  to 
provide  tbe  modulation  to  the  laser  systems.  This  ensured 
highly  stable  fixed  phase  operation  of  the  laser  systems  with  a 
variable  and  selectable  pulse  repetition  frequency  difference 

Af. 

The  signal  aitd  probe  pulses  were  combined  in  a  wavelength 
division  multipler  (WDM)  aad  injected  into  the  fibre  loop 
mirror.  Thb  consbted  of  a  lOm  length  of  dbpersion  shifted, 
nonpolarbation  preserving  singlemode  fibre  spliced  between 
two  ports  of  a  fibre  coupler.  The  minimum  dbpersion  of  tbe 
fibre  was  at  l-4Sm>L  lying  between  the  signal  and  probe  pulse 
wavelengths,  so  reducing  tbe  group  delay  betwett  the  two 
pulses  s^  minimising  iM  pube  sralkthrough  whidi  b  a  limi¬ 
tation  to  the  temporal  rcsolotion  of  the  technique.  At  l-SS/on 
tbe  coupler  had  a  coupfing  ratio  of  o  «  0-5  aind  a  »  008  at 
1-32/im.  Tbe  transmitted  signab  from  tbe  loop  were  inddent 
on  a  large  area  (18  mm  diameter)  germanium  detector  aad 
after  amplification  were  dbplayed  on  a  20MHz  bandwidth 
storage  oscilloscope. 

Results  and  discussion:  Fig  2  shows  a  low  temporal  resolution 
measurement  of  a  typical  gain-switched,  semiconductor  laser 
pube  train  using  the  technique  described  above.  Tbe  pubes 
appear  l(X>ms  apart,  consbtent  with  the  lOHz  strobe  fre¬ 
quency  employed.  With  a  greater  temporal  resolution,  a  repr^ 
sentative  sampled  pube  profile  b  presented  in  Fig  3o.  Thb 
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Abstract 

Temporal  response  of  side-mode  injection-locked  semiconductor  lasers  is  studied 
using  a  small  signal  analysis  of  multimode  rate  equations.  The  relaxation  oscillation  fre¬ 
quency  and  the  decay  rate  are  shown  to  be  sensitive  to  the  choice  of  the  injection  target 
mode.  Modes  with  shorter  wavelengths  have  higher  relaxation  frequencies  due  to  their 
larger  differential  gain.  Maximum  enhancement  of  the  relaxation  frequency  occurs 
within  that  group  of  target  modes.  The  analysis,  together  with  the  previously  predicted 
enhancement  of  stable  locking  range,  suggests  feasibility  of  applying  the  side-mode  in¬ 
jection  technique  to  increase  the  modulation  bandwidth  of  semiconductor  lasers  and 
hence  the  transmission  speed  in  optical  communication  systems,  while  preserving  the 
usual  benefits  of  injection  locking, 

KEYWORDS:  Semiconductor  lasers,  injection  locking,  relaxation  frequency,  side-mode 
injection,  optical  communications 
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§1.  Introduction 

Since  the  first  demonstration  by  Kobayashi  and  Kimura^*^)  in  1980,  injection  lock¬ 
ing  technique  has  been  widely  used  either  to  improve  static  and  dynamic  performance  of 
semiconductor  lasers  in  general,  such  as  single-mode  operation  under  high-speed  modu¬ 
lation^),  reduction  of  spectral  linewidth^)  and  frequency  chirping^*^),  and  suppression  of 
mode  partition  noise^),  or  for  specific  applications*'^^)  as  optical  transmitter,  repeaters, 
or  local  oscillators  in  long-distance  high-speed  fiber  communications  and  in  coherent 
transmission  systems.  This  technique  is  expected  to  enhance  the  prospects  for  applica¬ 
tions  of  semiconductor  lasers  in  various  fields.  Unfortunately,  due  to  a  strong  phase-am¬ 
plitude  coupling^  ^)  in  semiconductor  lasers,  a  substantial  part  of  the  locking  range  is  dy¬ 
namically  unstable^*'^*).  The  remaining  stable  locking  range,  shrinking  with  increasing 
strength  of  the  phase-amplitude  coupling,  is  sometimes  so  small  that  it  becomes  very 
difficult  to  achieve  locking^**^*). 

With  very  few  exceptions^^*^^),  virtually  all  work  on  injection  locking  of  semicon¬ 
ductor  lasers,  whether  experimental  or  theoretical,  focrised  on  addressing  the  free-run¬ 
ning  dominant  mode  (gain-peak  injection).  Recently,  we  have  shown^*)  that  choosing  a 
side  mode  as  injection  target  may  result  in  an  increased  stable  locking  range  and  hence 
can  be  beneficial  from  the  practical  application  point  of  view.  In  this  letter,  we  show 
that  side-mode  injection  locking  has  also  some  other  attractive  features.  In  particular, 
the  relaxation  oscillation  frequency  Vt  can  be  adjusted  in  a  manner  similar  to  detuning  a 
distributed-feedback  (DFB)  laser  from  the  gain-peak  wavelength,  since  Ut  is  related  to 
the  wavelength-dependent  differential  gain.  The  frequency  response  of  a  directly  modu¬ 
lated  diode  laser  usually  peaks  at  t/,  and  rolls  off  sharply  above  this  value.  Increasing  Vt 
therefore  enhances  the  modulation  frequency  response,  a  result  which  is  desirable  for 
such  applications  as  optical  communications,  fast  switching  and  ultrashort  pulse  genera¬ 


tion. 


J.-M.  Luo  <&  M.  Osihski,  Multimode  small-signal  analysis... 


4 


§2.  Rate  equation  analysis 

In  order  to  investigate  side-mode  injection  locking  characteristics,  we  have  devel¬ 
oped  a  model  based  on  multimode  rate  equations,  including  a  phase  equation  for  the  in¬ 
jected  mode.  Consideration  of  multimode  effects  is  especially  important  when  the  target 
mode  is  different  from  the  free-running  dominant  mode.  Assuming  spatially  uniform 
distributions  of  the  carrier  concentration  and  photon  density  inside  the  active  region,  the 
rate  equations  for  any  longitudinal  mode  *m”  and  for  the  target  mode  "a"  are: 

dFja 

- -  (Cm  “  l)  Fjn  +  2/  cos  +  T^mRip  <  (1) 

dt 

dK 

- »  -(/‘•/Mf)  (w.  -  no  +  -  /  (Fi/f .)!/»  sin  4>L  .  (2) 

dt 

where  Fm  and  Fi  are  the  average  photon  densities  of  the  mode  ”m*  and  of  the  injected 
light,  respectively,  both  taken  over  the  effective  volume  occupied  by  the  transverse 
mode.  Cm  is  the  temporal  modal  gain  of  the  mode  "m",  -y  is  the  photon  decay  rate,  /  is 
the  intermodal  spacing  in  the  frequency  domain,  ^  «  ((i;»  -  wi)t  +  is  the  rela¬ 

tive  phase  between  the  injected  light  with  the  phasor  uit  and  the  target  mode  with 
the  phasor  u^t  +  F  is  the  transverse-mode-dependent  confinement  factor,  fim  is  the 

spontaneous  emission  coupling  factor,  R,p  is  the  total  spontaneous  emission  rate  per  unit 
volume,  /!«  and  /ig  are  the  effective  mode  and  the  effective  group  index,  respectively, 
and  n»  are  the  angular  frequencies  of  the  target  mode  and  the  cavity  resonance,  a»  is  the 
linewidth  broadening  factor  for  the  mode  ”a”,  and  A(7»  is  the  carrier-induced  gain 
change  due  to  external  light  injection.  With  the  second  term  on  the  right  hand  side  of 
£q.  (1)  representing  the  external  light  injection,  £q.  (1)  is  identical  in  its  form  to  any 
coherent  model  of  peak-mode  injection  locking.  However,  the  magnitude  of  that  term 
can  be  much  larger  for  side-mode  injection,  due  to  the  gain-curve  roll  off.  The  gain 
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function  is  assumed  to  vary  linearly  with  carrier  concentration  and  parabolically  with  the 
wavelength  difference  between  the  gain  peak  and  the  mode  under  consideration^*).  The 
carrier-concentration  dependence  of  the  refractive  index  is  included  via  the  linewidth 
broadening  factor.  Nonlinear  gain  suppression  effects,  which  may  occur  at  high  pumping 
currents  or  at  high  optical  injection,  are  also  taken  into  account  by  incorporating  a  pho¬ 
ton-density-dependent  term  in  the  gain  function. 

For  strongly  index-guided  semiconductor  laser  structures  where  the  active-region 
lateral  dimensions  are  often  small  compared  to  the  diffusion  length,  carrier  diffusion 
effects  can  be  neglected.  The  rate  equation  for  the  carrier  concentration  n  in  the  active 
region  is 


dn  J  n  Cm 

—  -  - - -  E  - Fm  .  (3) 

dt  d  r«  m  all  r 

where  J  is  the  rate  of  carrier  injection  per  unit  area,  d  is  the  active  layer  thickness,  and 
r«  is  the  carrier  lifetime. 

We  investigate  the  stability  of  injection-locked  states  by  considering  small  fluctua¬ 
tions  around  the  stationary  solutions  and  examining  if  these  perturbations  are  dynami¬ 
cally  stable.  After  taking  a  Laplace  transform  of  linearized  rate  equations  containing 
only  first-order  fluctuation  terms,  we  find  the  roots  h  of  the  secular  determinant  and 
confine  our  attention  to  the  roots  situated  in  the  left  half  of  the  complex  h  plane.  The 
real  part  of  h  gives  the  decay  constant  Fr  of  the  relaxation  oscillation,  with  negative 
values  indicating  an  oscillatory  approach  to  equilibrium,  while  the  imaginary  part  deter¬ 
mines  the  relaxation  oscillation  frequency  Vf.  . 


We  have  applied  this  procedure  to  a  general  multimode  case  as  well  as  to  a  simple 
single-mode  approximation,  assuming  that  single-mode  operation  has  been  reached  by 
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virtue  of  a  sufficiently  strong  external  light  injection. 


An  analytic  solution  for  Vg  can  be  obtained  in  the  single-mode  case  by  assuming  a 
zero  locked  phase.  This  assumption  corresponds  to  the  case  of  the  most  effective  phase 
locking,  with  the  highest  achievable  mode  suppression  ratio  (MSR).  When  the  injected 
mode  is  within  a  few  longitudinal  mode  spacings  away  from  the  gain  peak,  the  expres¬ 
sion  for  the  relaxation  oscillation  frequency  Vg  can  be  simplified  considerably  by  retain¬ 
ing  the  two  dominant  terms 


1  /2fi  y/a 

I  r  4f.  1 


(4) 


where  (7k, n  a  dGJdn  represents  the  differential  temporal  modal  gain  of  the  injected  tar¬ 
get  mode.  Similarly,  the  decay  rate  Fr  can  be  expressed  approximately  as 

Tr  -i/ (Fi/F.)i/a  .  (5) 

The  first  term  in  Eq.  (4)  is  similar  to  that  for  a  solitary  lasera^),  except  that  all 
quantities  now  refer  to  the  injection-locked  mode  rather  than  the  free-running  mode. 
The  second  term,  whose  magnitude  may  become  comparable  to  the  first  one  when  the 
target  mode  is  sufficiently  far  away  from  the  gain  peak,  represents  the  stabilizing  effect 
of  injected  light  which  tends  to  reduce  Vg.  It  is  clear  that  an  increase  in  Ug  can  be  ex¬ 
pected  only  when  the  injected  power  necessary  to  reach  a  required  level  of  mode  sup¬ 
pression  is  still  sufficiently  small  to  preserve  the  first  term  in  £q.  (6)  as  dominant.  This 
limits  the  available  spectral  range  to  a  few  longitudinal  mode  spacings  away  from  the 
gain  peak,  where  a  relatively  weak  injection  is  sufficient  to  select  the  target  mode.  In 
the  latter  case  a  simple  approximation  represented  by  the  first  term  in  Eq.  (6)  should 
give  a  reasonably  good  estimate  of  i/,. 
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Eq.  (S)  suggests  that  side- mode  injection,  which  normally  needs  more  injected 
power  to  achieve  a  specific  MSR  than  peak-mode  injection,  may  lead  more  easily  to 
stable  locking.  This  is  consistent  with  our  analysis  of  the  stable  locking  range  reported  in 
Ref.  18. 

§3.  Numerical  results  and  discussion 

To  illustrate  results  of  stability  analysis,  we  consider  a  typical  index-guided 
InGaAsP  laser  emitting  at  1.54  /im,  with  a  240  /im-long  Fabry-Perot  cavity.  11  modes 
are  included  in  the  multimode  calculations. 

Longitudinal  mode  selection  by  external  light  injection  is  illustrated  in  Fig.  1, 
showing  the  relative  injection  level  required  to  maintain  a  constant  MSR  of  20,  which 
we  regard  as  adequate  for  the  single-mode  approximation  to  hold.  Negative  mode  num¬ 
bers  correspond  to  the  long-wavelength  side  of  the  free-running  spectrum.  A  constant 
driving  current  density  of  1.2Jth  is  assumed,  where  7tb  denotes  the  free-running  laser 
threshold. 

We  have  examined  the  wavelength  dependence  of  the  differential  temporal  modal 
gain  dCldn  and  obtained  a  -25%  variation  at  S  mode  spacings  from  the  gain  peak,  with 
a  linear  increase  from  the  long-wavelength  side  to  the  short- wavelength  side.  The  first 
term  in  Eq.  (4),  illustrated  by  open  diamonds  in  Fig.  2,  is  strongly  dominated  by  this 
variation.  As  expected,  when  both  terms  in  Eq.  (4)  are  included  (illustrated  by  open  cir¬ 
cles  in  Fig.  2),  additional  bending  towards  lower  resonance  frequencies  occurs  at  both 
sides  of  the  spectrum.  Full  multimode  stability  test  results,  indicated  by  solid  circles  in 
Fig.  2,  confirm  that  detuning  the  lasing  mode  towards  the  short-wavelength  side 
(increasing  positive  mode  numbers)  of  the  gain  peak  does  increase  the  resonance  fre¬ 
quency.  As  shown  in  Fig.  2,  at  /  *  1.2/tb  the  maximum  enhancement  of  the  relaxation 
oscillation  frequency  is  seen  to  occur  when  light  is  injected  into  mode  -^3.  As  illustrated 
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in  Fig.  3,  further  increase  of  Ut  is  possible  at  higher  driving  currents,  when  longitudinal 
modes  at  even  shorter  wavelengths  are  targeted. 

Our  analysis  shows  that  compared  to  full  multimode  stability  test,  single-mode  rate 
equation  analysis  slightly  underestimates  the  relaxation  frequency  but  gives  correctly  its 
variation  with  wavelength,  as  long  as  the  injected  mode  is  within  a  few  mode  spacings 
from  the  free-running  dominant  mode  and  the  injection  is  strong  enough.  Further  in¬ 
crease  of  the  injection  level  does  not  help  in  enhancing  Vg,  even  though  it  does  improve 
the  accuracy  of  the  single -mode  approximation. 

Fig.  4  illustrates  the  decay  rate  of  relaxation  oscillations  for  various  injected  modes. 
Again,  the  results  of  full  multimode  analysis  (full  circles)  are  compared  with  a  single¬ 
mode  approximation  (open  circles)  and  a  zero-locked-phase  approximation  of  £q.  (S) 
(open  triangles).  Increased  damping  with  increasing  distance  from  the  gain-peak  mode  is 
caused  primarily  by  stronger  injection  required  to  maintain  a  fixed  MSR. 

§4.  Conclusions 

Side-mode  injection  locking  of  semiconductor  lasers  has  been  analyzed  using  mul¬ 
timode  rate  equations.  Particular  attention  was  paid  to  the  behavior  of  the  relaxation  os¬ 
cillation  frequency  and  the  decay  rate.  Feasibility  of  side-mode  injection  locking  as  a 
means  of  increasing  the  modulation  frequency  response  of  a  semiconductor  laser  has 
been  suggested.  An  additional  benefit  is  that  the  optical  injection  enhances  the  field 
damping,  thereby  narrowing  the  spectral  linewidth,  increasing  modal  stability  and  re¬ 
ducing  the  dynamic  frequency  chirp  during  direct  modulation.  The  results  of  our  analy¬ 
sis  are  consistent  with  the  enhancement  of  v,  observed  in  DFB  lasers  detuned  to  the 
short- wavelength  side  of  the  material  gain  peak,  and  suggest  a  novel  way  to  enhance  the 
relaxation  oscillation  frequency  of  a  semiconductor  laser  by  side-mode  injection  locking. 


J.~M.  Luo  <S  M.  Osinski,  Multimode  small-signal  analysis... 


9 


Acknowledgment 

Partial  support  of  this  work  by  the  U.S.  Air  Force  Office  for  Scientific  Research 
and  the  U.S.  Air  Force  Phillips  Laboratory  is  gratefully  acknowledged. 

References 

1)  S.  Kobayashi  and  T.  Kimura:  Electron.  Lett.  16  (1980)  668. 

2)  S.  Kobayashi  and  T.  Kimura:  IEEE  J.  Quantum  Electron.  QE-17  (1981)  681. 

3)  H.  Toba,  Y.  Kobayashi,  K.  Yanagimoto,  H.  Nagai  and  M.  Nakahara:  Electron.  Lett. 

20  (1984)  370. 

4)  F.  Mogensen,  H.  Olesen  and  G.  Jacobsen:  Electron.  Lett.  21  (1985)  696. 

5)  C.  Lin,  J.  K.  Andersen  and  F.  Mengek  Electron.  Lett.  21  (1985)  80. 

6)  S.  Piazzolla,  P.  Spano  and  M.  Tamburrink  IEEE  J.  Quantum  Electron.  QE-22  (1986) 

2219. 

7)  K.  Iwashita  and  K.  Nakagawa:  IEEE  J.  Quantum  Electron.  QE-18  (1982)  1669. 

8)  Y.  Yamamoto  and  T.  Kimura:  IEEE  J.  Quantum  Electron.  QE-17  (1981)  919. 

9)  S.  Kobayashi  and  T.  Kimura:  IEEE  J.  Quantum  Electron.  QE-18  (1982)  1662. 

10)  N.  A.  Olsson,  H.  Temkin,  R.  A.  Logan,  L.  F.  Johnson,  G.  J.  Dolan,  J.  P.  van  der 

Ziel  and  J.  C.  Campbell:  J.  Lightwave  Techn.  LT-3  (1985)  63. 

11)  M.  Osinski  and  J.  Buus:  IEEE  J.  Quantum  Electron.  QE-23  (1987)  9. 

12)  F.  Mogensen,  H.  Olesen  and  G.  Jacobsen:  IEEE  J.  Quantum  Electron.  QE-21  (1985) 

784. 

13)  N.  Schunk  and  K.  Petermann:  IEEE  J.  Quantum  Electron.  QE-22  (1986)  642. 

14)  L.  Goldberg,  H.  F.  Taylor  and  J.  F.  Weller  Electron  Lett.  20  (1984)  809. 

15)  L.  Goldberg,  H.  F.  Taylor  and  J.  F.  Weller.  IEEE  J.  Quantum  Electron.  QE-20 

(1984)  1226. 


J.-M.  Luo  &  M.  Osinski,  Multimode  small-signal  analysis... 


10 


16)  L.  Goldberg,  A.  M.  Yurek,  H.  F.  Taylor  and  J.  F.  Weller  Electron.  Lett.  21  (1985) 

814. 

17)  G.  R.  Hadley:  IEEE  J.  Quantum  Electron.  QE>22  (1986)  419. 

18)  J.-M.  Luo  and  M.  Osimki*  Electron  Lett.  27  (1991)  1737. 

19)  M.  J.  Adams  and  M.  Osinski:  lEE  Proc.  Pt.  I.  (Solid  State  &  Electron  Dev.)  129 

(1982)  271. 

20)  G.  P.  Agrawal  and  N.  K.  Dutta:  Long-Wavelength  Semiconductor  Lasers,  (Van 

Nostrand  Reinhold,  New  York,  1986),  Ch.  6,  p.  246. 


J.-M.  Luo  A  M.  Osinski,  Multimode  small-signal  analysis, 


II 


Figure  Captions 

Fig.  I.  Relative  injection  levels  required  to  achieve  a  mode  suppression  ratio  (MSR)  of 
20  for  injection  locking  of  various  longitudinal  modes  with  pumping  current  density 
J  «  1. 27th-  Negative  mode  numbers  correspond  to  the  longer- wavelength  side  of  the 
free-running  spectrum. 

Fig.  2.  Relaxation  oscillation  frequency  Ut  calculated  for  various  injected  target  modes 
with  7  «  1.27th  and  MSR  >  20.  Solid  circles  -  multimode  stability  test;  open  circles  - 
single-mode  approximation  (Eq.  4);  open  diamonds  -  single-mode  approximation  with 
neglected  injection  term. 

Fig.  3.  Injection  current  dependence  of  relaxation  oscillation  frequency  calculated  for 
various  injected  target  with  MSR  «  20  and  J  »  1 .27tb  (circles),  7  «  1 .37th  (triangles), 
and  7  >  1.47th  (squares).  Solid  symbols  -  multimode  stability  test;  open  symbols  - 
single-mode  approximation  (Eq.  4).  Note  that  the  maximum  enhancement  of  Vr  shifts 
from  mode  •l■3  at  7  «  1 .27th  to  mode  •t'4  at  7  >  1 .37th. 

Fig.  4.  Decay  rate  of  relaxation  oscillations  Tr  calculated  for  various  injected  target 
modes  with  7  -  1.27th  and  MSR  «  20.  Solid  circles  -  multimode  stability  test;  open 
circles  -  single-mode  approximation;  open  triangles  -  single-mode  approximation  with 
zero  locked  phase  [Eq.  (5)]. 
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ABSTRACT 


A  novel  distributed  feedback  structure  for  wavelength-resonant  surface-emitting  semi¬ 
conductor  lasers  is  proposed  and  demonstrated.  Compared  to  earlier  resonant-periodic-gain  de¬ 
vices,  the  total  thickness  of  the  new  structure  can  be  considerably  smaller  while  retaining  the 
characteristic  features  of  the  resonant-periodic-gain  active  medium.  Room-temperature  cw  and 
pulsed  operation  of  first  distributed-feedback  resonant-periodic-gain  AlGaAs/GaAs/AlAs  laser 
is  reported. 


1.  INTRODUCTION 

Surface-emitting  semiconductor  lasers  are  attracting  considerable  attention  due  to  a  wide 
range  of  their  potential  applications.  There  have  been  several  approaches  (vertical  resonators, 
second-order  grating  coupling,  and  inclined  mirrors)  to  achieve  emission  of  the  laser  beam 
through  the  top  surface.  Among  these,  vertical-cavity  surface-emitting  lasers  (VC-SELs)h*  offer 
distinct  advantages  of  planar  geometry,  stable  single-longitudinal-mode  oscillation,  and  low- 
divergence  circular  output  beam.  Small-area  low-threshold-current  lasers  can  be  used  in  optical 
computing  and  can  be  integrated  with  other  optoelectronic  devices  to  form  part  of  monolithic 
optoelectronic  integrated  circuits  and  optical  interconnects.  Their  low  beam  divergence  simpli¬ 
fies  the  optics  requirements  and  facilitates  coupling  into  optical  fibers.  VC-SELs  can  also  be 
easily  arranged  in  one-  or  two-dimensional  arrays  to  form  high-power  sources  with  possible  ap¬ 
plications  in  free-space  optical  communications  and  in  solid-state  laser  pumping. 

Conventional  VC-SELs  suffer  from  low  external  efficiencies  and  consequently  low  output 
powers.  The  primary  reason  for  their  poor  performance  lies  in  the  competition  between  the  de¬ 
sirable  vertical  emission  anc  parasitic  amplification  of  radiation  emitted  spontaneously  in  the 
directions  parallel  to  the  substrate  plane.  In  order  to  suppress  the  amplified  spontaneous  emis¬ 
sion  (ASE)  in  the  transverse  directions  and  reduce  the  lasing  threshold,  a  resonant-periodic-gain 
(RPG)  structure  has  been  proposed’**.  The  RPG  design  takes  advantage  of  the  vertical  geometry 
of  VC-SELs  by  aligning  quantum-well  active  regions,  spaced  at  half  the  wavelength  of  a  se¬ 
lected  optical  transition,  with  the  maxima  of  the  longitudinal  mode  pattern  at  the  design  wave¬ 
length.  This  enhances  the  gain  along  the  vertical  direction  at  the  design  wavelength  and  dis¬ 
criminates  against  the  ASE  parallel  to  the  wafer  surface.  In  addition,  more  efficient  pumping  is 
achieved  and  excitation  of  regions  adjacent  to  the  nulls  of  the  standing  wave  is  eliminated.  In 
order  to  achieve  low  threshold,  the  RPG  active  region  is  normally  sandwiched  between  two 
-T.ultilayer  high  reflectors  (MHR),  thus  forming  a  distributed-Bragg-reflector  (D6R)  cavity  with 


*  Also  with  the  Department  of  Electrical  and  Computer  Engineering,  University  of  New 
Mexico. 
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relatively  large  total  thickness. 

In  this  paper,  we  present  a  new  distributed-feedback  (DFB)  structure  for  RPG  lasers 
which  eliminates  the  need  for  end  reflectors  by  interlacing  the  quarter-wave  multilayer  high 
reflectors  with  the  gain  medium.  This  reduces  considerably  the  total  thickness  of  the  device, 
while  retaining  the  characteristic  features  of  the  RPG  active  medium.  We  report  on  the  first 
implementation  of  the  new  concept,  using  an  optically  pumped  MO-CVD  grown  wafer.  Both  cw 
and  pulsed  operation  is  investigated.  Preliminary  results  indicate  that  the  new  structure  has 
indeed  potential  for  very  high  output  power. 


2.  CONCEPT  OF  DISTRIBUTED-FEEDBACK  RESONANT-PERIOPIC-GATN  MEDIUM 

The  length  of  DBR-type  structures  is  inherently  greater  than  that  of  otherwise  equivalent 
DFB  devices  because  the  amplifying  and  feedback  sections  overlap  in  the  latter  structures.  For 
VC-SELs,  the  device  length  is  of  primary  concern,  since  apart  from  issues  of  technological 
complexity  and  cost  it  also  affects  the  ability  to  pump  the  device  uniformly.  To  reduce  the 
DBR-RPG  device  length,  we  have  proposed^  that  the  RPG  medium  be  converted  into  a  DFB 
section  by  replacing  the  half-wave  spacers  with  alternating  quarter-wave  layers  which  would 
provide  reflectivity  required  for  feedback.  The  resultant  DFB-RPG  structure  is  schematically 
illustrated  in  Figs.  1  and  2.  A  vertical  resonator  with  highly  reflective  mirrors  is  created  by  a 
stack  of  alternating  high-  and  low- refractive-index  quarter- wave  layers  that  form  a  DFB 
medium  (layers  C  and  D  of  Fig.  1,  with  refractive  indices  /ic,  Md).  Within  the  DFB  region,  an 
RPG  active  medium  is  interspersed,  represented  in  Fig.  1  by  thick  lines  A.  Each  element  of  the 
RPG  active  medium  can  consist  of  a  single  quantum  well  or  a  group  of  coupled  quantum  wells 
positioned  in  such  a  way  that  they  coincide  with  the  antinodes  of  the  standing  wave  at  the  de¬ 
signed  wavelength  of  operation.  This  wavelength  corresponds  to  a  particular  optical  transition  in 
the  quantum  well.  The  elements  of  the  embedding  DFB  medium  form  spacers  between  active 
regions.  One  of  the  spacers,  composed  entirely  of  the  high- index  material  B,  serves  as  a  phase 
shifter  to  satisfy  the  roundtrip  phase  matching  condition. 

In  the  following,  we  will  describe  particular  design  that  was  used  to  grow  the  first  DFB- 
RPG  AlGaAs/GaAs/AIAs  wafer  and  report  on  initial  results  of  cw  and  pulsed  optical  pumping 
of  that  prototype  device. 


^  PROTOTYPE  DISTRIBUTED-FEEDBACK  RESONANT-PERIODIC-GAIN  LASER 

STRUCTURE 

A  prototype  AIGaAs/GaAs/AlAs  DFB-RPG  VC-SEL  sample  was  designed  to  operate  at 
n  «  1  subband  transition  in  the  quantum  well.  The  active  region  consists  of  a  stack  of  lO-nm 
thick  GaAs  single  quantum  wells  separated  by  half-wave  passive  spacers.  Except  for  a  phase 
shifter  in  the  central  part  of  the  structure,  every  spacer  comprises  two  layers  of  AlAs  (63.4-nm 
thick)  and  Alo.isGao.ssAs  (54.3  nm),  each  having  an  optical  thickness  of  approximately  a  quarter 
of  the  design  wavelength  Ar  ~  840.4  nm.  The  refractive  indices  for  GaAs,  AIo.isGao.8sAs,  and 
AlAs  were  taken  as  3.60,  3.50,  and  3.00,  respectively.*  The  lower  and  upper  portions  of  the 
structure  are  separated  by  an  Alo.isGao.ssAs  phase  shifter  with  optical  thickness  of  ap¬ 
proximately  At/2.  The  whole  structure  contains  42.5  periods,  of  which  24  periods,  counting  from 
the  center  of  the  phase  shifter,  are  at  the  bottom  (t.e.,  at  the  GaAs  substrate  side)  and  18.5  pe¬ 
riods  are  at  the  top.  The  output  light  is  collected  through  the  top  surface.  Since  no  quantum 
well  is  adjacent  to  the  very  first  quarter-wave  layer  located  at  the  top  surface,  the  Al  content  in 
this  layer  is  increased  to  20%  in  order  to  avoid  undesirable  absorption  of  the  pump  light.  The 
thickness  of  that  layer  is  59.9  nm,  corresponding  to  the  refractive  index  of  3.47.* 
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The  total  thickness  of  the  structure  described  above,  including  the  quantum-well  layers,  is 
approximately  5.42  fua.  For  the  sake  of  comparison,  a  DBR-RPG  laser  with  the  same  cumula¬ 
tive  thickness  of  the  active  medium  and  the  same  rehectlvities  of  multilayer  reflectors  would  be 
almost  two  times  thicker  (lO.SS  ^m)  than  the  DFB-RPC  structure. 

Figs.  3(a)  and  3(b)  illustrate  cavity  reflectivity  and  gain  spectra  calculated  for  the  DFB- 
RPG  structure  described  above  and  for  an  equivalent  RPG  device  with  Bragg  reflectors.  The 
method  of  calculation  follows  a  standard  approach  for  periodic  stratified  media*.  The  transfer 
matrix  for  the  structure  is  simplified  by  noting  that  products  of  identical  unimodular  matrices 
can  be  calculated  analytically.  Calculated  reflectivities  of  the  lower  and  upper  reflectors  are 
99.76%  and  99.56%,  respectively.  The  most  remarkable  difference  between  the  two  structures  is 
the  absence  of  any  side  modes  within  the  high-reflectivity  band  of  the  DFB-RPG  laser.  This  is 
a  direct  consequence  of  shorter  cavity  length.  Strong  enhancement  of  gain  at  the  resonance 
illustrates  excellent  wavelength  selectivity  of  our  structure. 

In  the  process  of  designing  the  DFB-RPG  structure,  we  used  the  reflectivity  calculations  to 
check  for  the  wavelength  of  resonant  mode.  When  the  total  optical  thickness  of  a  single  period, 
consisting  of  a  quantum  well  and  an  AlAs/Alo.isGao.85As  "half -wave”  spacer,  was  chosen  to  be 
exactly  equal  to  half  of  the  design  wavelength  taken  as  840.4  nm,  the  calculated  resonant  wave¬ 
length  was  longer  (~848  nm)  than  the  design  wavelength.  We  attribute  this  shift  of  resonant 
wavelength  to  a  phase-disturbing  effect  of  quantum  well  layers.  In  order  to  correct  for  this 
shift,  we  have  slightly  reduced  thicknesses  of  all  spacer  layers,  thus  bringing  the  resonance  back 
to  840.4  nm. 


4.  EXPERIMENTAL  RESULTS 

The  MOCVD-grown  prototype  structure  described  in  previous  section  was  optically 
pumped  through  the  top  mirror.  The  as-grown  wafer  was  mounted  in  a  holder,  without  any 
provision  foi  heat-sinking.  In  order  to  enhance  pumping  efficiency,  pumping  wavelengths  of 
735-740  nm  was  selected.  The  corresponding  photon  energies  of  1.68-1.69  eV  are  larger  than 
the  bandgap  of  Alo.isCao.ssAs  spacers  (1.63  eV)^*  but  smaller  than  the  bandgap  of  the  cap 
Alo.sGao.sAs  layer  0*70  eV).^®  Hence,  the  pumping  light  was  absorbed  in  Alo.isGaossAs 
spacers,  generating  free  carriers  which  subsequently  could  fall  into  quantum  well  GaAs  active 
regions.  This  indirect  pumping  combined  with  absorption  in  quantum  wells  results  in  an  im¬ 
proved  pumping  efficiency. 

Since  no  heat  sink  was  used,  we  anticipated  that  cw  output  power  would  be  seriously 
limited  by  thermal  effects.  Therefore,  with  the  aim  of  determining  the  potential  of  DFB-RPG 
lasers  for  h'^  h-power  operation,  we  performed  both  pulsed  and  cw  input/output  measurements. 

The  experimental  arrangement  used  for  measurements  of  the  pulsed  input/output  charac¬ 
teristics  is  shown  schematically  in  Fig.  4.  For  pumping  the  DFB-RPG  structure  through  the  top 
surface,  we  used  a  dye  laser  (Quanta-Ray  PDL-l,  230  nJ  single-pulse  energy),  pumped  by  a 
Nd:YAG  laser  (Quanta-Ray  DCR-2).  The  dye  laser  emitted  7  ns  pulses  at  10  Hz  repetition  rate, 
and  was  tuned  to  735  nm  wavelength.  The  pump  beam  power  could  be  altered  gradually  by  ad¬ 
justing  a  variable  neutral-density  (ND)  attenuator.  A  high-transmission,  low -reflection  (90/10) 
beam  splitter  BS  allowed  a  direct  measurement  of  the  input  power  by  reading  the  transmitted 
part  of  the  pump  power  and  multiplying  it  by  a  calibration  factor  that  converted  the  transmitted 
power  into  the  input  power.  A  calibrated  Gentec  photodetector  was  used  for  this  purpose.  A 
calibrated  dichroic  beam  splitter  DBS  was  used  to  redirect  the  pump  beam  on  its  path  towards 
the  sample  and  to  separate  the  reflected  portion  of  the  pump  beam  from  the  DFB-RPG  output. 
Additional  calibrated  ND  filter  was  inserted  between  the  beam  splitters  BS  and  DBS  to  further 
attenuate  the  pump  beam.  A  lOx  microscope  objective  served  a  dual  purpose  of  focusing  the 
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pump  beam  and  collimating  the  output.  The  DFB-RPG  output  power  was  measured  using  a  Si 
photodetector  calibrated  to  give  the  single-pulse  output  energy.  Residual  reflected  pump  beam 
was  eliminated  by  an  interference  filter  placed  between  the  beam  splitter  DBS  and  the  Si 
detector. 

The  experimental  setup  for  cw  measurements  was  essentially  similar  to  that  shown  in  Fig. 
4.  A  dye  laser  (Coherent  CR-599,  200  mW)  operating  at  740-nm  wavelength,  pumped  by  cw 
argon- ion  laser  (Spectra  Physics  Series  2000),  was  used  as  a  pump  source.  The  beam  splitter  BS 
was  replaced  by  another  beam  splitter  having  low  transmission  (10%)  and  high  reflection  (90%), 
and  no  detector  was  placed  behind  BS.  Calibrated  power  meters  were  employed  to  measure 
pumping  and  output  power  just  prior  to  microscope  objective  and  just  after  the  interference 
filter,  respectively.  Spectral  measurements  were  performed  by  coupling  the  DFB-RPG  laser 
output  into  a  high-resolution  spectrometer  by  means  of  an  optical  fiber  placed  in  a  position  of 
Si  detector  in  Fig.  4.  Appropriate  interference  filters  were  used  between  the  beam  splitter  DBS 
and  the  fiber  to  select  either  pump  signal  or  DFB-RPG  output. 

Fig.  S  shows  a  typical  input/output  characteristic  for  room-temperature  cw  pumping.  The 
pump  power  values  have  been  corrected  for  measured  reflection  from  the  surface  (-32%)  and 
calculated  transmission  (8%)  through  the  DFB-RPG  section.  The  lasing  threshold  for  10-/im  spot 
size  is  -60  mW,  with  top-surface  output  power  efficiency  of  9.3%,  and  differential  quantum 
efficiency  exceeding  80%.  The  maximum  output  of  6.7  mW  is  obviously  limited  by  heating 
effects. 

The  output  spectra  centered  at  -878  nm  were  rather  broad  (0.8  nm)  with  a  complex  struc¬ 
ture  indicating  multiple  transverse  mode  operation.  Further  work  on  improving  the  design  with 
the  goal  of  reducing  the  spectral  width  is  in  progress. 

An  input/output  characteristic  under  pulsed  pumping  conditions  is  shown  in  Fig.  6.  The 
output  power  of  8.S  W  over  7  ns  pulsewidth  with  power  conversion  efficiency  of  10.5%  is  ob¬ 
tained.  To  our  best  knowledge,  this  is  the  highest  peak  power  ever  reported  for  VC-SEL  de¬ 
vices.  These  data  are  preliminary  and  at  this  time  a  reliable  estimate  of  maximum  power  density 
cannot  be  given.  This  is  due  to  the  fact  that  the  beam  was  defocused  slightly  in  order  to  maxi¬ 
mize  the  output  power  and  therefore  the  spot  size  is  not  exactly  known.  Further  experiments  are 
underway  to  determine  the  actual  spot  size.  However,  the  several  orders  of  magnitude  difference 
between  the  pulsed  and  cw  maximum  output  power  density  is  a  clear  indication  that  easing  the 
heating  problems  by  employing  efficient  heat  sinking  should  lead  to  significantly  higher  cw 
output  power. 


g.rONCLUSlQNS 

A  novel  DFB-RPG  structure  for  vertical-cavity  surface-emitting  lasers  has  been  proposed 
and  demonstrated.  Compared  to  recently  developed  DBR-RPG  structures,  a  reduction  in  the 
total  thickness  of  the  device  by  almost  a  factor  of  two  is  achieved  by  eliminating  the  end  re¬ 
flectors  and  by  interlacing  the  quarter-wave  multilayer  high  reflectors  with  the  RPG  medium. 
The  DFB-RPG  devices  offer  the  advantages  of  considerably  simpler  fabrication  process,  im¬ 
proved  wavelength  selectivity,  and  strong  discrimination  against  excitation  of  secondary  longitu¬ 
dinal  modes.  Preliminary  data  obtained  on  optically  pumped  bare  wafer  sample  without  any  heat 
sink  indicate  that  very  high  output  power  should  be  possible.  6.7  mW  cw  and  8.5  W  pulsed 
output  power  was  measured. 
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Fig.  1.  A  schematic  illustration  of  the 
DFB-RPG  structure  and  a  corresponding 
intensity  distribution  of  resonant  mode. 
Thick  lines  (A)  represent  quantum-well 
active  layers,  unshaded  region  (B)  -  half¬ 
wave  phase  shifter,  unshaded  regions  (C) 
high-index  quarter-wave  spacers, 
shaded  regions  (D)  -  low-index  quarter- 
wave  spacers. 


Fig.  2.  Refractive  index  profile  of  the 
DFB-RPG  structure  with  layer 
designation  (A,B,C,D)  the  same  as  in  Fig. 
1.  The  number  of  periods  is  reduced  to 
simplify  graphical  illustration. 
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Fig.  3.  Calculated  reflectivity  and  gain 
spectra  for  a  AlGaAs/GaAs/AlAs  DFB- 
RPG  VC-SEL  (broken  lines)  and  an 
equivalent  DBR-RPG  device  with  the 
same  active  medium  thickness  and  MHR 
reflectivities  (dotted  lines). 
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Fig.  4.  Experimental  setup  for 

measurements  of  input/output 
characteristics  of  optically  pumped  VC- 
SELs. 
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Fig.  5.  Typical  input/output  characteristic 
for  room-temperature  cw  pumping  of 
DFB-RPG  sample. 
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Fig.  6.  Input/output  characteristic  for 
room-temperature  pulsed  operation  of 
DFB-RPG  laser. 
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HIGH-POWER  OPERATION  OF  DISTRIBUTED-FEEDBACK  RESONANT- PERIODIC-GAIN 

SURFACE-EMITTING  LASERS 


Mohammad  Mahbobzadeh*,  Emmanuellc  Gandjbakhch**,  and  Marek  Osinski*** 

Center  for  High  Technology  Materials.  University  of  New  Mexico 
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ABSTRACT 


An  experimental  study  of  a  prototype  optically-pumped  distributed-feedback  resonant-pe¬ 
riodic-gain  vertical-cavity  surface-emitting  laser  (DFB-RPG  VCSEL)  is  reported.  Both  cw  and 
pulsed  conditions  are  investigated.  The  results  obtained  on  bare  wafer  samples  without  any  heat 
sink  indicate  that  very  high  output  power  should  be  possible.  Thermally  limited  cw  output 
power  of  6.7  mW  cw  was  obtained  with  10-/im  diameter  of  the  pumping  beam.  Under  pulsed 
conditions,  the  output  power  of  8.5  W  over  7  ns  pulsewidth  with  power  conversion  efficiency  of 
10.5%  was  achieved.  To  our  best  knowledge,  this  is  the  highest  peak  power  density  ever  re¬ 
ported  for  any  semiconductor  laser. 


1.  INTRODUCTION 

Spectacular  progress  in  vertical-cavity  surface-emitting  lasers  (VCSELs)  brought  forth  a 
variety  of  novel  device  structures.  Most  of  these  structures  take  advantage  of  the  unique  op¬ 
portunities  offered  by  the  vertical-cavity  configuration,  in  which  the  lasing  modes  propagate  in 
the  direction  perpendicular  to  interfaces  between  layers  of  constituent  semiconducting  materials. 
This  situation  contrasts  with  that  of  conventional  edge-emitting  semiconductor  lasers,  where  the 
lasing  light  propagates  in  the  direction  parallel  to  interfaces  between  the  active  region  and  the 
cladding  layers.  An  excited  lasing  mode  can  be  visualized  as  a  standing  electromagnetic  wave. 
At  any  particular  wavelength,  only  the  regions  in  the  vicinity  of  standing-wave  maxima  can 
provide  gain  required  to  sustain  lasing  oscillations,  while  pumping  of  regions  near  the  nodes 
provides  gain  for  competing  longitudinal  modes.  If  the  resonator  supports  only  one  mode  (for 
example,  in  single-mode  distributed-feedback  edge-emitting  lasers),  the  carriers  injected  into 
the  nodal  regions  can  take  part  in  stimulated  recombination  transitions  only  if  they  first  diffuse 
towards  the  antinodes.  The  uniform  pumping,  typical  for  edge-emitting  lasen,  is  therefore  suf¬ 
fering  from  the  lack  of  matching  between  the  longitudinal  distribution  of  injected  carriers  and 
the  intensity  distribution  of  optical  field. 

In  this  paper,  we  report  on  high-power  operation  of  optically  pumped  distributed-feedback 
resonant-periodic-gain  (DFB-RPG)  lasers.  Recently  developed  surface-emitting  laser  structures 
utilizing  vertical -cavity  configuration  for  improved  pumping  efficiency  are  discussed  in  Section 
2.  In  Section  3,  we  briefly  comment  on  early  DFB  VCSEL  designs,  to  introduce  the  reader  to 
DFB-RPG  VCSELs  in  Section  4.  In  Section  5,  we  give  a  detailed  account  of  our  experiments  on 
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cw  and  pulsed  optical  pumping  of  a  prototype  MOCVD>grown  DFB-RPG  sample.  In  particular, 
we  have  observed  a  record- high  pulsed  output  power  density. 


2.  wavelength-resonant  vcsel  structures 

Conventional  VCSELs  with  bulk  (double- heterostructure,  DH)  active  regions  suffer  from 
high  threshold,  low  external  efficiency,  and  low  output  power  [Iga  1988].  The  primary  reason 
for  their  poor  performance  lies  in  the  competition  between  the  desirable  vertical  emission  and 
parasitic  amplification  of  radiation  emitted  spontaneously  in  the  directions  parallel  or  vicinal  to 
the  substrate  plane. 

It  has  been  recognized  that  when  a  VCSEL  optical  cavity  is  carefully  designed,  such  that  a 
quantum-well  active  region  would  coincide  with  a  standing-wave  maximum  at  a  designed 
wavelength  of  operation,  more  efficient  pumping  can  be  achieved  compared  to  a  medium  with 
uniform  gain  [Geels  1988],  [Raja  1988],  [Brueck  1989].  The  effect  is  obviously  wavelength-sen¬ 
sitive,  since  at  non-resonant  wavelengths  the  gain  drops  down.  Application  of  this  concept  to 
multiple  active  regions  lead  to  introduction  of  distributed-Bragg-reflector  resonant-periodic- 
gain  (DBR-RPG)  lasers  [Raja  1989],  [Corzine  1989a].  The  multiple  active  regions  in  a  DBR- 
RPG  structure,  illustrated  schematically  in  Fig.  1,  are  separated  by  half-wave  spacers  and  sand¬ 
wiched  between  two  multilayer  high  reflectors.  The  device  features  an  enhanced  gain  along  the 
resonator  axis  (by  up  to  a  factor  of  2  compared  to  a  uniformly  pumped  medium),  improved 
wavelength  selectivity,  and  reduced  amplified  spontaneous  emission  (ASE).  Discrimination 
against  ASE  is  caused  mainly  by  anisotropy  of  the  RPG  medium.  It  can  be  expected  that  the 
increased  number  of  active  layers  should  result  in  boosting  the  optical  output  power.  However, 
it  is  also  more  difficult  to  pump  electrically  VCSELs  with  multiple  active  regions,  and  optical 
pumping  has  been  routinely  used  to  excite  DBR-RPG  lasers  [Gourley  1989],  [Corzine  1989b], 
[McDaniel  1990].  Transverse- junction  scheme  is  the  most  promising  method  for  electrical 
pumping,  but  to  date  only  limited  success  has  been  reported  [Schaus  1991].  In  addition  to  dif¬ 
ficulties  with  electrical  pumping,  large  total  thickness  of  epitaxial  material  (typically  8-10  fim 
[Schaus  1989],  [Mukherjee  1990])  renders  the  DBR-RPG  structure  ill  suited  for  monolithic  inte¬ 
gration. 

It  is  significantly  easier  to  achieve  electrical  pumping  in  a  DBR  VCSEL  with  only  a  single 
active  region  satisfying  the  resonant  gain  condition,  often  referred  to  as  a  microlaser  [Jewell 
1989],  [Jewell  1990].  The  microlaser  resonator,  shown  schematically  in  Fig.  2,  preserves  the 
characteristic  features  of  the  RPG  medium.  While  the  microlaser  structure  has  been  very  effec¬ 
tive  in  reducing  the  room- temperature  cw  threshold  and  is  clearly  dominating  present  designs  of 
electrically-pumped  VCSELs  [Osinski  1991],  its  performance  in  terms  of  maximum  output 
power  has  not  at  all  been  impressive.  The  highest  reported  room-temperature  cw  output  power 
from  GaAs/AlGaAs  planar  microlasers  is  l.S  mW  for  lO-^m  diameter  devices  with  a  four- 
quantum-well  active  region,  and  slightly  over  3  mW  for  30-/im  diameter  devices  [Tell  1990]. 
The  most  recent  results  obtained  for  InGaAs/GaAs/AlGaAs  microlasers  with  strained-quantum- 
well  active  regions,  grown  by  phase-locked  epitaxy,  are  3  mW  for  IS-^m  square  devices,  ~5.5 
mW  for  30-pm  square,  9  mW  for  4S-fim  square,  and  10  mW  for  85-^m  square  [Walker  1991]. 


3.  DISTRIBUTED-FEEDBACK  VCSEL  STRUCTURE 

DFB  configuration  has  been  realized  in  the  past  in  the  context  of  conventional  VCSELs 
[Ogura  1984],  [Ogura  198S],  [Ogura  1987a],  [Ogura  1987b].  The  DFB  structure,  shown  schemat¬ 
ically  in  Fig.  3,  consists  of  a  stack  of  alternating  quarter- wavelength  layers  of  high-index  low- 
bandgap  material  (for  example,  GaAs)  constituting  the  active  region,  and  of  low-index  high- 
bandgap  material  (AlGaAs),  providing  reflectivity  in  the  DFB  cavity.  One  half- wavelength  layer 


Fig.  1.  Schematic  illustration  of  layer  struc¬ 
ture,  optical  intensity  distribution,  and 
refractive  index  profile  for  a  DBR-RPG 
laser.  Thick  lines  (A)  represents  high- 
index  quantum-well  active  layers, 
unshaded  regions  (B)  -  intermediate- 
index  quarter- wave  spacers,  unshaded 
regions  (C)  -  intermediate-index  half¬ 
wave  spacers,  shaded  regions  (D)  -  low- 
index  quarter- wave  spacers. 


Fig.  2.  Schematic  illustration  of  layer  struc¬ 
ture,  optical  intensity  distribution,  and 
refractive  index  profile  for  a  microlaser. 
Layer  designation  (A,  B,  C,  D)  is  the 
same  as  in  Fig.  1. 
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Fig.  3.  Schematic  illustration  of  layer  struc¬ 
ture,  optical  intensity  distribution,  and 
refractive  index  profile  in  a  DFB 
VCSEL.  Layer  designation  is  the  same  as 
in  Fig.  I. 


Fig.  4.  Schematic  illustration  of  layer  struc¬ 
ture,  optical  intensity  distribution,  and 
refractive  index  profile  in  a  DFB-RPG 
laser.  Layer  designation  is  the  same  as  in 
Fig.  1. 
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in  the  central  part  of  the  structure  provides  a  phase-shift  necessary  to  select  a  desired  DFB 
mode. 


A  modified  version  of  DFB  VCSEL,  utilizing  a  higher  gain  coefficient  of  quantum-well 
material,  was  proposed  by  Nomura  et  eU.  [Nomura  1987].  The  high-index  bulk  quarter-wave 
layers  have  been  replaced  with  multiple  GaAs/AlGaAs  quantum  wells,  with  the  A1  composition 
in  the  barriers  smaller  than  that  in  the  low-index  quarter-wave  layers. 

Lasing  action  in  bulk  and  MQW  DFB  VCSELs  was  demonstrated  both  by  optical  pumping 
and  by  lateral  current  injection.  However,  since  no  attempt  was  made  to  arrange  the  quantum 
wells  in  register  with  the  standing  wave  pattern  inside  the  resonator,  the  performance  of  DFB 
VCSELs  was  at  best  similar  to  that  of  conventional  DH  VCSELs. 


4  nfSTRFBUTED-FEEDBACK  RESQNANT-PERIODTC-GAIN  VCSEL  STRUCTURE 

The  most  recent  advance  in  RPG  laser  structures  is  a  distributed-feedback  resonant-peri¬ 
odic-gain  (DFB-RPG)  VCSEL  [Mahbobzadeh  1990],  shown  schematically  in  Fig.  4.  By  interlac¬ 
ing  the  RPG  active  medium  with  the  quarter-wave  multilayer  high  reflectors,  the  structure 
combines  features  of  RPG,  microlaser,  and  DFB  designs.  In  particular,  the  effective  cavity 
length  is  comparable  to  that  of  a  microlaser.  Consequently,  the  structure  favors  only  one  longi¬ 
tudinal  mode  within  the  entire  gain  spectrum. 

The  prototype  MOCVD-grown  DFB-RPG  sample  has  been  described  in  detail  in 
[Mahbobzadeh  1991].  Here,  we  only  give  the  most  essential  device  parameters.  The  whole 
structure  contains  42.5  half-wave  periods,  of  which  24  periods,  counting  from  the  center  of  the 
phase  shifter  C,  are  at  the  bottom  (i.e.,  at  the  GaAs  substrate  side)  and  18.5  periods  are  at  the 
top.  The  layer  thicknesses  are,  respectively,  63.4  nm  for  a  low-index  quarter-wave  AlAs  layer 
D,  54.3  nm  for  an  intermediate  index  Alo.isGao.ssAs  layer  B,  and  10  nm  for  an  active  GaAs 
single-quantum  well  layer  A.  The  total  number  of  quantum  wells  is  42.  The  quarter-wave  layer 
located  at  the  top  surface  is  made  transparent  to  the  pumping  light  (A  «  740  nm)  by  increasing 
the  A1  content  to  20%  (not  shown  in  Fig.  4),  with  the  thickness  adjusted  to  59.9  nm. 

For  RPG  VCSELs,  the  total  device  thickness  is  of  primary  concern,  since  apart  from  issues 
of  technological  complexity  and  cost  it  abo  affects  the  ability  to  pump  uniformly  the  active  re¬ 
gions.  As  mentioned  in  Section  2,  the  total  thickness  of  DBR-RPG  structures  b  significantly 
larger  than  that  of  the  microlaser.  By  replacing  the  DBR-RPG  design  with  DFB-RPG,  the  total 
thickness  of  the  device  can  be  almost  halved  without  compromising  the  characteristic  features  of 
the  RPG  active  medium,  to  reach  essentially  the  same  thickness  as  the  microlaser.  Specifically, 
the  total  thickness  of  the  prototype  structure  b  5.42  pm.  An  equivalent  DBR-RPG  device,  hav¬ 
ing  the  same  number  of  single  quantum  wells  and  the  same  reHectivities  of  top  and  bottom  re¬ 
flectors  (99.56%  and  99.7%)  would  be  -10.47-pm  thick.  Thus,  compared  to  DBR-RPG  struc¬ 
tures,  the  DFB-RPG  design  offers  the  advantages  of  considerably  simpler  fabrication  process, 
improved  wavelength  selectivity,  and  strong  discrimination  against  excitation  of  satellite  longi¬ 
tudinal  modes. 


5.  OPTICAL  PUMPING  EXPERIMENTS 

The  prototype  DFB-RPG  sample  was  optically  pumped  both  cw  and  pulsed  through  the  top 
mirror.  The  pumping  wavelength  of  740  nm  was  selected  in  order  to  pump  both  Alo.isGao.uAs 
spacers  and  GaAs  quantum-well  active  regions  for  a  better  pumping  efficiency.  In  thb  way 
carriers  generated  within  the  Alo.isGao.ssAs  spacers  can  in  turn  fall  into  the  quantum- well  ac¬ 
tive  regions.  This  results  in  a  higher  pump  absorption  and,  consequently,  a  higher  pumping  ef- 
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Fig.  S.  Experimental  setup  for  measurements  of  pulsed  input/output  characteristics  of  optically 
pumped  VCSELs. 


ficiency. 

The  experimental  setup  used  for  measurement  of  the  pulsed  input/output  power  is  sketched 
in  Fig.  S.  A  Q-switched  pumped  dye  laser  operating  at  740  nm  was  used  for  pumping  the  DFB> 
RPG  structure  through  the  top  mirror.  Pulse  duration  was  7  ns  and  the  repetition  rate  was  10 
Hz.  Power  of  the  pump  beam  could  be  continuously  varied  by  a  circular  variable  attenuator. 
The  beam  splitter  BSl  had  high  transmission  and  low  reflection.  This  allowed  a  direct  estimate 
of  the  input  power  by  measuring  the  transmitted  part  of  the  pump  power  and  multiplying  it  by 
a  calibration  factor  that  converted  the  transmitted  power  into  the  input  power.  A  calibrated 
Gentec  power  meter  was  used  for  this  purpose.  The  output  power  was  measured  using  a  Si  de¬ 
tector  calibrated  to  give  the  output  energy.  A  calibrated  dichroic  beam  splitter  BS2  was  used  to 
pump  the  sample  and  at  the  same  time  to  couple  out  the  output  beam.  Additional  calibrated  ND 
filters,  not  shown  in  Fig.  5,  were  used  next  to  the  beam  splitter  BS2  to  further  attenuate  the 
pump  beam.  The  pump  beam  was  focused  using  a  lOx  microscope  objective.  The  microscope 
objective  served  for  a  dual  purpose  of  focusing  the  pump  beam  and  collimating  the  output.  Ap¬ 
propriate  interference  filters  were  used  to  select  pump  or  DFB-RPG  output.  The  studied  sample 
was  simply  placed  in  holder,  without  any  provision  for  heat  sinking. 

A  similar  arrangement  was  used  to  perform  the  cw  input/output  measurements.  A  cw-dye 
laser  operating  at  the  740-nm  wavelength  was  used  as  a  pump  source.  For  the  cw  measurements, 
the  beam  splitter  BSl  was  replaced  with  another  beam  splitter  having  low  transmission  and  high 
reflection.  Rather  than  measuring  the  pump  beam  power  after  its  passage  through  BSl,  cali¬ 
brated  power  meters  were  employed  to  measure  the  power  of  the  input  pump  beam  and  the 
output  just  prior  to  microscope  objective  and  just  after  the  interference  filter,  respectively. 

Fig.  6  shows  a  typical  input/output  characteristics  for  cw  room-temperature  pumping.  The 
pump  power  has  been  corrected  for  measured  surface-reflection  (-30%)  and  calculated  trans¬ 
mission  (8%)  through  the  substrate.  Estimated  threshold  is  -60  mW  with  output  power  efficiency 


of  10%  (single  ended),  and  differential  quantum  efficiency  exceeding  80%  per  facet.  The  roll¬ 
off  of  the  output  power  at  high  input  powers  is  caused  by  heating  effects.  This  is  confirmed  by 
the  absence  of  any  such  roll-off  for  pulsed  operation.  Undoubtedly,  thermal  problems  will  be 
alleviated  by  placing  the  wafer  on  a  heat  sink. 

The  maximum  measured  peak  pulsed  output  power  reported  in  [Mahbobzadeh  1991]  was 
g.S  W.  In  order  to  determine  the  corresponding  output  power  density,  the  following  method  of 
lasing  spot-size  measurement  was  adopted.  The  lens  L2  (see  Fig.  S)  was  used  to  image  the  sam¬ 
ple  into  a  CCD  camera.  The  combination  uf  the  lens  L2  and  the  objective  is  equivalent  to  a 
microscope.  In  order  to  calibrate  the  video  and/or  the  scop  i  'Against  the  translation  of  the  sam¬ 
ple,  we  used  the  lense  LI  to  expand  the  pump  beam  so  th-.  a  ’large;  area  of  the  sample  could  be 
illuminated.  By  using  a  defect  or  dust  spot,  or  another  characuristic  feature  on  the  sample  sur¬ 
face,  we  could  perform  the  calibration.  To  this  aim,  the  sample  was  translated  in  a  transverse 
direction  by  a  known  distance  as  measured  by  a  micrometer,  while  nt^/tg  on  the  screen/scope 
the  movement  of  the  defect  spot.  Translation  should  only  be  done  in  :ransverse  directions  to 
ensure  that  the  spot  size  does  not  change  during  the  calibration  phase.  The  lense  LI  was  then 
removed  so  that  the  camera  was  recording  the  actual  size  of  the  pumped  spot.  By  having  the 
calibration  factor  and  noting  the  spot  size  as  seen  on  the  screen/scope,  the  spot  size  could  be 
calculated. 

Using  the  method  described,  we  were  able  to  determine  the  diameter  of  the  lasing  spot  as 
~16  pm.  Fig.  7  shows  the  input/output  characteristic  for  the  pulsed  conditions  (7  ns  pulsewidth, 
10  Hz  repetition  rate).  The  efficiency  of  conversion  of  the  estimated  absorbed  pump  power  into 
the  lasing  output  e.mitted  through  the  top  surface  was  ~10%.  Using  the  measured  lasing  spot 
size,  the  maximum  peak  output  power  of  8.5  W  corresponds  to  -4.5  MW/cm*.  To  our  knowl¬ 
edge,  this  is  the  highest  power  density  ever  reported  for  any  semiconductor  laser.  It  is  approxi¬ 
mately  one  order  of  magnitude  higher  than  the  maximum  power  density  obtained  from  DBR- 
RPG  lasers  under  similar  pumping  conditions  (Wu  1991]. 


6.  CONCLUSIONS 

Distributed-feedback  resonant-periodic-gain  laser  structure  is  very  promising  for  high- 
power  applications.  While  the  total  device  thickness  is  comparable  to  that  of  a  microlaser,  a 
multiplicity  of  active  layers  in  the  DFB-RPG  structure  results  in  a  record-high  pulsed  output 
power.  Preliminary  data  obtained  on  optically  pumped  bare  wafer  DFB-RPG  samples  without 
any  heat  sinking  illustrate  a  tremendous  potential  of  these  devices.  Under  cw  conditions,  ther¬ 
mally  limited  output  power  of  6.7  mW  was  obtained  with  lO-^m  diameter  of  the  pumping 
beam.  The  same  device,  when  pumped  by  7  ns  pulses  with  10  Hz  repetition  rate,  produced  as 
much  as  8.5  W  of  the  peak  output  power  out  of  a  16-/tm  diameter  lasing  spot.  The  correspond¬ 
ing  output  power  density  was  4.5  MW/cm^.  To  our  best  knowledge,  this  is  the  highest  peak 
power  density  ever  reported  for  semiconductor  lasers. 
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Fig.  6.  Typical  input/output 
characteristic  for  room-temperature 
cw  pumping  of  the  prototype  DFB- 
RPG  sample. 
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Fig.  7.  Input/output  energy  and 
power-density  characteristic  of  the 
prototype  DFB-RPG  laser  pumped 
by  7  DS  pulses  at  10  Hz  repetition 
rate. 
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DISTRIBUTED- FEEDBACK  VERTICAL-CAVITY  SURFACE- EMITTING  LASER  WITH 
RESONANT-PERIODIC-GAIN  ACTIVE  REGION 
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ABSTRACT 

Fabrication  and  lasing  characteristics  of  prototype  MOCVD-grown  GaAs/AlGaAs/AlAs 
distributed-feedback  resonant-periodic-gain  surface-emitting  lasers  are  reported.  The  new 
structure  eliminates  the  need  for  end  reflectors  in  earlier  resonant-periodic-gain  lasers,  thereby 
reducing  considerably  the  total  thickness  of  the  device.  A  new  hybrid  distributed-Bragg-reflec- 
tor/distributed-feedback  resonant-periodic-gain  structure,  compatible  with  the  transverse- 
junction  electrical  pumping  scheme,  is  also  proposed. 


1.  INTRODUCTION 

Surface-emitting  semiconductor  lasers  are  very  attractive  for  applications  in  optical  com¬ 
puting,  coherent  communications,  high-power  two-dimensional  arrays  and  integrated  opto¬ 
electronics.  Early  designs  of  VCSELs  with  bulk  active  regions  suffered,  however,  from  low  ex¬ 
ternal  efficiency  and  consequently  low  output  power  [Iga  1988].  The  primary  reason  for  their 
poor  performance  was  the  competition  between  the  desirable  vertical  emission  and  parasitic  am¬ 
plified  spontaneous  emission  (ASE)  in  the  transverse  directions.  In  order  to  reduce  the  lasing 
threshold  and  suppress  the  ASE,  two  concepts  of  VCSELs  with  quantum-well  (QW)  active  re¬ 
gions  have  been  pursued  in  parallel:  a  distributed-Bragg-reflector  resonant-periodic-gain  (DBR- 
RPG)  structure,  with  multiple  active  layers  spaced  at  half  the  wavelength  of  a  selected  optical 
transition  [Raja  1989],  [Corzine  1989],  [Schaus  1989a],  and  a  microlaser  structure  [Jewell  1989], 
[Jewell  1990],  with  a  single  QW  placed  in  a  Bragg  resonator.  Both  designs  achieve  gain  en¬ 
hancement  in  the  vertical  direction  by  aligning  the  active  regions  with  the  maxima  of  the  lon¬ 
gitudinal  mode  pattern  at  the  emission  wavelength.  The  most  recent  advance  in  RPG  laser 
structures  is  a  distributed-feedback  resonant-periodic-gain  (DFB-RPG)  VCSEL  [Mahbobzadeh 
1990],  where  an  RPG  active  region  is  intercalated  with  the  multilayer  high  reflectors  (MHRs). 
The  new  design  eliminates  the  need  for  end  reflectors  in  previous  RPG  structures  and  reduces 
the  total  thickness  of  the  device,  while  retaining  the  characteristic  features  of  RPG  medium 
(gain  enhancement  in  vertical  direction,  wavelength  selectivity,  ASE  suppression,  etc.). 

In  this  paper,  we  describe  fabrication  of  the  first  DFB-RPG  laser  structures  grown  by 
MCX^VD  and  their  performance  under  optical  pumping  conditions.  Various  versions  of  the  RPG 
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structure  design  utilizing  vertical-cavity  configuration  are  discussed  in  Section  2.  In  Section  3, 
we  describe  the  crystal  growth  and  calibration  process.  Experimental  results  on  quasi-cw  and 
pulsed  optical  pumping  of  the  prototype  samples  are  given  in  Section  4. 


2.  CLASSIFICATION  OF  RPG  VCSEL  STRUCTURES 

A  characteristic  feature  of  VCSELs  that  distinguishes  them  from  edge-emitting  semicon¬ 
ductor  lasers  is  their  small  single-pass  gain,  reminiscent  of  gas  lasers.  As  a  direct  consequence  of 
small  gain,  in  order  to  avoid  prohibitively  high  lasing  threshold  it  is  necessary  to  place  the  ac¬ 
tive  medium  in  a  high-Q  resonator.  In  today’s  state-of-the-art  VCSELs,  this  is  almost  invariably 
achieved  by  providing  a  Bragg  resonator  consisting  of  a  stack  of  high- reflectivity  quarter-wave 
layers  on  either  side  of  the  active  medium. 

The  vertical-stack  geometry  of  VCSELs  offers  unique  opportunities  for  designing  novel 
devices  with  properties  significantly  different  from  those  of  conventional  edge-emitting  lasers. 
When  a  VCSEL  optical  cavity  is  carefully  designed,  such  that  a  quantum-well  active  region 
would  coincide  with  a  standing-wave  maximum  at  a  designed  wavelength  of  operation,  more 
efficient  pumping  can  be  achieved  compared  to  a  medium  with  uniform  gain  [Geels  1988], 
[Raja  1988],  [Brueck  1989].  The  effect  is  wavelength-sensitive,  and  at  non-resonant  wavelengths 
the  gain  drops  down  to  its  bulk  level.  Application  of  this  concept  to  multiple  active  regions  lead 
to  introduction  of  distributed-Bragg-reflector  resonant-periodic-gain  (DBR-RPG)  lasers  [Raja 
1989],  [Corzine  1989a],  illustrated  schematically  in  Fig.  1.  The  multiple  active  regions  in  a 
DBR-RPG  structure  are  separated  by  half-wave  spacers  and  sandwiched  between  two  multilayer 
high  reflectors.  In  devices  designed  for  optical  pumping,  which  is  the  standard  excitation 
method  in  RPG  VCSELs  [Gourley  1989a],  [Corzine  1989],  [McDaniel  1990],  the  Bragg  reflectors 
are  transparent  to  a  pumping  wavelength  while  the  spacers  (regions  B  in  Fig.  1)  are  absorbing. 
The  output  light  is  normally  collected  through  the  top  reflector,  although  in  devices  with 
strained-quantum-well  active  regions  [Gourley  1989b]  the  bottom  reflector  may  be  used  to 
transmit  light  through  the  substrate.  The  device  features  an  enhanced  gain  along  the  resonator 
axis  (by  up  to  a  factor  of  2  compared  to  a  uniformly  pumped  medium),  improved  wavelength 
selectivity,  and  reduced  amplified  spontaneous  emission  (ASE).  Discrimination  against  ASE  is 
caused  mainly  by  anisotropy  of  the  RPG  medium  which  counteracts  the  unfavorable  aspect  ratio 
for  vertical  emission  in  double- heterostructure  lasers. 

Optically  pumped  bare  DBR-RPG  wafers  without  any  heat  sink  exhibited  very  good  per¬ 
formance  with  up  to  45%  power  conversion  efficiency  and  over  20  mW  of  cw  output  power  out 
of  -'18-/im  diameter  near-field  spot  size  [Schaus  1989b],  [Schaus  1989c].  However,  large  total 
thickness  of  epitaxial  material  (typically  8-10  pm  [Schaus  1989a],  [Mukherjee  1990j;  renders  the 
DBR-RPG  structure  rather  costly  and  ill-suited  for  monolithic  integration. 

A  hybrid  DBR/DFB  structure,  illustrated  in  Fig.  2,  was  introduced  in  [Schaus  1989a].  The 
active  (DFB-RPG)  section  consisted  of  GaAs  quantum  wells  intercalated  with  AlGaAs/AlAs 
multilayer  reflectors  and  was  surrounded  on  both  ends  by  DBR  reflectors.  Again,  the  Bragg  re¬ 
flectors  are  transparent  to  pumping  wavelength  while  the  AlGaAs  layers  adjacent  to  quantum 
wells  are  absorbing.  Due  to  practical  difficulties  in  matching  the  resonant  wavelength  in  the 
DFB  region  with  that  in  the  DBR  reflectors,  this  device  did  not  perform  nearly  as  well  (in  fact, 
only  pulsed  operation  was  possible)  as  the  DBR-RPG  lasers. 

The  most  recent  advance  in  RPG  laser  structures  is  a  distributed- feedback  resonant-peri¬ 
odic-gain  (DFB-RPG)  VCSEL  [Mahbobzadeh  1990]  (Fig.  3),  where  DBR  reflectors  are  entirely 
eliminated.  In  order  to  avoid  unwanted  absorption  of  pump  radiation  at  the  top  quarter-wave 
layer,  the  composition  of  that  layer  (layer  C  in  Fig.  3)  is  altered  to  slightly  increase  its  bandgap 
compared  to  the  remaining  intermediate  index  layers  (layers  B  in  Fig.  3). 
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Fig.  1.  Schematic  illustration  of  a 
DBR-RPG  structure,  corresponding 
intensity  distribution  of  resonant 
mode  of  wavelength  A,,  and  refrac¬ 
tive  index  profile.  Thick  lines  (A) 
represent  high-index  quantum-well 
active  layers,  unshaded  regions  (B)  - 
intermediate-index  half-wave  spacers 
absorbing  at  the  pump  wavelength, 
unshaded  regions  (C)  -  intermediate- 
index  quarter-wave  layers  transpar¬ 
ent  at  the  pump  wavelength,  shaded 
regions  (D)  -  low-index  quarter- 
wave  layers.  For  the  sake  of  simplic¬ 
ity,  the  number  of  periods  is  re¬ 
duced. 


Fig.  2.  Schematic  illustration  of  layer 
configuration,  optical  intensity  dis¬ 
tribution,  and  refractive  index  pro¬ 
file  in  a  hybrid  DFB/DBR  RPG 
VCSEL  of  [Schaus  1989a].  Layer  des¬ 
ignation  is  the  same  as  in  Fig.  1, 
except  for  the  unshaded  regions  (B) 
which  now  represent  an  intermedi¬ 
ate-index  half-wave  phase  shifter 
and  quarter  wave  layers,  all  absorb¬ 
ing  at  the  pump  wavelength. 
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Fig.  3.  Schematic  illustration  of  layer 
configuration,  optical  intensity  dis¬ 
tribution,  and  refractive  index  pro¬ 
file  in  a  DFB-RPG  structure.  Layer 
designation  is  the  same  as  in  Fig.  2. 
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Fig.  4.  Schematic  illustration  of  layer 
configuration,  optical  intensity  dis¬ 
tribution,  and  refractive  index  pro¬ 
file  in  a  hybrid  DFB/DBR  RPG 
VCSEL  proposed  in  this  pap>er.  Layer 
designation  is  the  same  as  in  Fig.  2. 
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For  RPG  VCSELs,  the  total  device  thickness  is  of  primary  concern,  since  apart  from  issues 
of  technological  complexity  and  cost  it  also  affects  the  ability  to  pump  uniformly  the  active  re¬ 
gions.  By  replacing  the  DBR-RPG  design  with  DFB-RPG,  the  total  thickness  of  the  device  can 
be  almost  halved  without  compromising  the  characteristic  features  of  RPG  active  medium,  to 
reach  essentially  the  same  thickness  as  the  miCrolaser.  Compared  to  DBR-RPG  structures,  the 
DFB-RPG  design  offers  the  advantages  of  considerably  simpler  fabrication  process,  improved 
wavelength  selectivity,  and  strong  discrimination  against  excitation  of  satellite  longitudinal 
modes.  It  is,  however,  somewhat  more  demanding  than  the  DBR-RPG  structure  when  tolerances 
on  layer  thicknesses  and  compositions  are  considered.  Since  the  DBR  section  in  a  DBR-RPG 
VCSEL  is  entirely  passive,  the  tolerances  in  that  section  are  not  as  stringent  as  in  the  active  part 
of  the  device  [Brueck  1989]. 

Another  hybrid  DFB/DBR  design,  presented  for  the  first  time  in  this  paper,  is  shown  in 
Fig.  4.  We  consider  this  structure  as  a  prime  candidate  for  electrically  pumped  RPG  lasers.  RPG 
VCSELs  are  notoriously  difficult  to  pump  electrically.  The  usual  vertical  current  Injection 
scheme,  applied  commonly  in  microlasers,  is  impractical  in  case  of  RPG  lasers  due  to  pro¬ 
hibitively  high  electrical  resistance  and  lack  of  control  over  the  uniformity  of  carrier  injection 
over  the  entire  thickness  of  the  device.  Transverse- junction  scheme  is  the  most  promising 
method  for  electrical  pumping,  but  to  date  only  limited  success  has  been  reported  [Schaus  1991]. 
Compared  to  the  structures  shown  in  Figs.  1-3,  the  DFB/DBR  design  of  Fig.  4  has  the  advan¬ 
tage  of  an  easy  access  to  the  active  section  (no  need  to  bypass  the  top  DBR  reflector  present  in 
Figs.  1 ,  2)  and  a  shorter  depth  of  lateral  contacts. 


3.  FABRICATION  OF  DFB-RPG  VCSEL  STRUCTURES  BY  MOCVD 

Nominal  compositions  and  layer  thicknesses  of  DFB-RPG  and  DFB/DBR  RPG  VCSELs  of 
Figs.  3  and  4  are  shown  schematically  in  Fig.  5.  It  should  be  emphasized  that  the  structures  il¬ 
lustrated  in  Fig.  S  only  served  as  a  guideline  for  fabricating  the  actual  devices.  In  practice,  a 
multiple-step  calibration  process  is  needed  to  satisfy  the  condition  that  the  resonant  wavelength 
should  be  close  to  the  photoluminescence  peak.  The  calibration  procedure  is  described  in  a  later 
part  of  this  section. 

During  the  design  process,  we  used  reflectivity  calculations  to  ensure  that  the  wavelength 
of  resonant  mode  coincides  with  the  optical  transition  wavelength  corresponding  to  n  -  1  sub¬ 
band  transition  in  the  quantum  well  [Mahbobzadeh  1991].  The  design  wavelength  was  taken  as 
Xt  -  840.4  nm.  The  refractive  indices  for  GaAs,  AIo.15Gao.8sAs,  Alo.35Gao.76As,  and  AlAs  were 
taken  as  3.60,  3.S0,  3.4S,  and  3.00,  respectively  [Weber  1990].  It  should  be  noted  that  the  total 
optical  thickness  of  a  single  period  in  the  active  (DFB)  region,  consisting  of  a  quantum  well  and 
an  AlAs/Alo.isGao.85As  "half-wave"  spacer,  is  slightly  smaller  than  the  resonant  wavelength. 

The  DFB-RPG  structure  consists  of  a  stack  of  10-nm  thick  GaAs  single  quantum  wells 
sandwiched  between  AlAs  and  Alo.isGao.8S As  layers,  each  slightly  thinner  than  a  quarter- wave. 
The  whole  structure,  topped  by  a  transparent  Alo.3sGao.7sAs  quarter-wave  layer,  contains  42.5 
periods,  of  which  24  periods,  counting  from  the  center  of  the  phase  shifter,  are  at  the  GaAs 
substrate  side,  and  18.S  periods  are  at  the  top.  The  total  number  of  quantum  wells  is  42.  Calcu¬ 
lated  reflectivities  of  the  lower  and  upper  reflectors,  separated  by  a  half-wave  Alo.i6Gao.8sAs 
phase  shifter,  are  99.76%  and  99.56%,  respectively. 

The  top  section  of  the  DFB/DBR  RPG  structure  is  identical  to  that  of  the  DFB-RPG  de¬ 
vice.  The  bottom  Bragg  reflector  consists  of  a  stack  of  alternating  quarter-wave  layers  of  AlAs 
and  Alo.35Gao.76As.  The  total  number  of  periods  is  45.5,  of  which  27  periods  are  below  the 
center  of  the  Alo.15Gao.8sAs  phase  shifter,  and,  as  in  the  DFB-RPG  laser,  18.5  periods  are  at 
the  top.  The  total  number  of  quantum  wells  is  18.  Calculated  reflectivity  of  the  bottom  reflec- 
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Fig.  5.  Structure  design  of  (a)  DFB-RPG  and  (b)  DFB/DBR  RPG  GaAs/AlxGai-xAs/AlAs 
VCSELs.  The  layer  thicknesses  are  not  drawn  to  scale. 


tor,  comprising  26.5  half-wave  periods,  is  99.80%. 

Prototype  DFB-RPG  and  DFB/DBR  RPG  structures  were  grown  by  MOCVD  in  a  hori¬ 
zontal  reactor  at  100  torr  and  a  growth  temperature  of  725  *C.  The  sources  used  were  100%  ar¬ 
sine,  trimethylgallium  (TMGa)  and  trimethylaluminum  (TMAl)  which  were  maintained  at  a 
V/llI  ratio  of  50.  The  growth  rate  was  500  A/minute.  The  structures  were  undoped  and  pro¬ 
duced  in  a  single  growth  cycle. 

In  order  to  tune  the  resonant  cavity  and  quantum-well  emission  wavelength  to  the  design 
wavelength  of  \  -  840  nm,  several  calibration  structures  were  needed  before  the  growth  of  the 
final  structures.  First,  a  3Ar/2  Alo.3sGao.7sAs  layer,  approximately  3652  A  thick,  was  grown  on  a 
GaAs  buffer.  Room-temperature  photoluminescence  (PL)  was  used  to  measure  the  layer  alloy 
composition  and  infrared  (IR)  reflectometry  was  used  to  measure  the  reflectivity  peak  of  the 
calibration  layer.  The  reflectivity  peak  along  with  the  associated  alloy  composition  allows  us  to 
determine  the  exact  layer  thickness,  giving  us  an  accurate  growth  rate  and  TMAl  incorporation 
constant.  A  more  detailed  description  of  the  calibration  procedure  for  VCSELs,  including  sev¬ 
eral  examples  of  IR  reflectometry  spectra,  is  given  in  [Armour  1992].  When  a  satisfactory  alloy 
composition  and  layer  thickness  for  the  calibration  structure  was  obtained,  a  second  calibration 
structure  was  grown  which  Cwntained  a  3A,/2  AlAs  layer  (-4886  A  thick)  on  top  of  a  A,/4 
Alo.25Gao.75As  layer  (-628  A  thick).  PL  was  used  to  verify  the  composition  of  the 
Alo.2sGao.75As  layer,  and  IR  reflectometry  was  used  to  measure  the  reflectance  profile  of  the 
sample.  The  third  and  final  calibration  structure,  shown  in  Fig.  5(a),  resembled  the  actual  DFB- 
RPG  device  but  the  number  of  periods  above  and  below  the  center  of  the  phase  shifter  was  re¬ 
duced  to  5.  PL  was  used  to  measure  the  quantum  well  emission  and  IR  reflectometry  was  used 
to  check  the  reflectance  spectra.  Using  the  TMAl  incorporation  coefficient  obtained  from  the 
first  Alo.2sGao.75As  calibration  structures,  Alo.15Gao.8sAs  layers  could  be  grown  without  a  sepa¬ 
rate  calibration  run  by  using  a  linear  relationship  between  the  A1  content  and  the  TMAl  flow 
rates. 
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After  the  calibration  runs,  a  DFB-RPG  wafer  (sample  #610)  was  grown.  The  complete  run 
sequence  took  ~4  hours,  with  20  second  growth  interruptions  between  each  layer.  To  accomplish 
this  task,  the  MOCVD  reactor  is  run  via  a  dedicated  DEC  MicroVAX  n  computer  which  moni¬ 
tors  and  controls  the  reactor  status  every  10  ms.  A  second  wafer  (#613)  was  grown  following 
the  growth  of  a  DFB/DBR  RPG  sample  described  below. 

The  growth  of  the  DFB/DBR  RPG  structure  was  preceded  by  a  single  calibration  run  in 
which  5  periods  of  the  DBR  section  and  5  periods  of  the  DFB-RPG  section  were  grown  to  ver¬ 
ify  the  resonant  wavelength.  The  structure  was  measured  to  resonate  at  853  nm  and  thus  the 
DFB/DBR  RPG  sample  (wafer  #612)  was  grown  in  the  subsequent  run. 


TEM  measurements  were  used  to  determine  the  actual  layer  thicknesses  in  the  MOCVD- 
grown  samples.  Fig.  6  shows  a  TEM  image  of  a  piece  of  wafer  #610.  The  measured  thicknesses 
were:  549  A  for  top  Alo.a8Gao.7sAs  layer,  705  A  for  AlAs  layers,  and  527  A  for  Alo.isGao.ssAs 
layers. 


Fig.  6.  TEM  image  of  the  prototype 
DFB-RPG  VCSEL.  The  diameter  of 
the  exposed  area  is  6.4  /im.  Quan¬ 
tum-well  layers  are  not  resolved.  The 
top  Alo.35Gao.76As  layer  is  not  visible 
because  it  was  milled  off  in  that 
portion  of  the  sample. 


4.  OPTICAL  PUMPING  EXPERIMENTS 

In  quasi-cw  experiments,  the  as-grown  wafers  were  optically  pumped  using  the  740  nm 
line  of  Ar-ion-pumped  dye  laser,  with  the  pumping  beam  diameter  of  ~15  pm.  As  a  precaution, 
in  order  to  reduce  the  risk  of  sample  overheating,  a  10%  duty-cycle  chopper  was  used  to  mod¬ 
ulate  the  pump  beam  at  1  kHz.  The  input  power  was  measured  with  a  calibrated  NRC  power 
meter.  A  high-sensitivity  silicon  detector  was  used  to  measure  the  output  power. 
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Fig.  7.  Typical  room-temperature  input-output 
characteristics  of  (a)  DFB-RPG  sample  #610, 
(b)  DFB-RPG  sample  #613,  and  (c)  DFB/DBR 
RPG  sample  #612  quasi-cw  optically  pumped 
without  any  heat  sink.  The  input  power  refers 
to  power  absorbed  within  the  DFB  section  of 
the  device. 
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Fig.  7  shows  typiual  quasi-cw  characteristics  of  samples  #610,  612,  and  613.  The  average 
lasing  threshold,  obtained  by  pumping  various  spots  on  the  same  wafer,  was  58  mW  for  wafer 
#610,  52  mW  for  wafer  612,  and  74  mW  for  wafer  613.  The  increased  threshold  of  wafer  613 
was  related  to  its  poor  surface  morphology  indicating  an  inferior  crystalline  quality. 

Even  though  no  heat  sink  was  used,  the  maximum  quasi-cw  output  power  reached  nearly  7 
mW  for  any  of  the  prototype  wafers.  This  power  level  is  considerably  higher  than  that  obtain¬ 
able  from  single-quantum-well  microlasers  of  the  same  active-region  diameter,  while  it  is  com¬ 
parable  to  that  of  DBR-RPG  devices. 

The  cw  output  spectra  of  DFB-RPG  device,  centered  at  -878  nm,  were  rather  broad  (0.8 
nm)  with  a  complex  structure  indicating  multiple  transverse  mode  operation.  We  note  that  the 
lasing  wavelength  is  shifted  towards  the  red,  compared  to  the  design  wavelength  of  840  nm. 
This  is  primarily  caused  by  the  disparity  between  the  "ideal"  specifications  of  Fig.  5  and  the 
actually  grown  samples.  As  established  by  TEM  measurements,  the  AlAs  and  Alo.isGao.ssAs 
layer  thicknesses  in  the  prototype  samples  are  greater  than  the  original  design  parameters  of  Fig. 
5.  This  shifts  the  resonant  wavelength  towards  the  red  by  -27  nm,  and  even  though  it  may  no 
longer  coincide  with  the  gain  peak,  the  resonant  gain  enhancement  is  sufficient  to  favor  lasing 
at  longer  wavelengths.  In  addition,  sample  heating  under  the  quasi-cw  conditions  also  con¬ 
tributes  to  the  red  shift  of  the  lasing  wavelength. 

In  pulsed  optical  pumping  experiments,  we  used  a  Q-switched  Nd:YAG-laser-pumped  dye 
laser  that  emitted  7  ns  pulses  at  735  nm,  with  10  Hz  repetition  rate.  The  pumping  beam  power 
was  measured  using  a  calibrated  Gentec  detector. 
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Fig.  8.  Typical  room-temperature  input-output  characteristics  of  the  DFB-RPG  sample  #610, 
optically  pumped  with  7-ns  pulses  at  10  Hz  repetition  rate. 


Fig.  8  shows  examples  of  pulsed  input-output  characteristics  measured  for  the  DFB-RPG 
sample  #610.  The  lasing  threshold  is  about  30  nJ  per  pulse  which  corresponds  to  -4  W  peak 
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power.  The  peak  output  power  reaches  very  high  values,  exceeding  8  W  out  of  a  \i-nm 
diameter  lasing  spot.  This  very  large  peak  power  illustrates  the  tremendous  potential  of  RPG 
VCSELs  as  sources  of  very  high-power  well  collimated  laser  light. 


S.  CONCLUSIONS 

We  have  described  fabrication  process  and  lasing  characteristics  of  prototype  MOCVD- 
grown  GaAs/AlGaAs/AlAs  DFB-RPG  VCSELs.  The  new  structure  eliminates  the  need  for  end 
reflectors  in  earlier  resonant-periodic-gain  lasers,  thereby  reducing  considerably  the  total  thick¬ 
ness  of  the  device.  A  hybrid  version  of  DFB-RPG  device,  with  a  passive  Bragg  reflector  on  the 
substrate  side,  is  particularly  attractive  for  electrical  pumping. 
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ABSTRACT 

a 

Under  certain  well-defined  conditions,  semiconductor  lasers  subject  to  two  independent  sources  of  coherent  feedback 
can  exhibit  self-pulsing  instabilities,  leading  to  chaos  via  period-doubling  or  quasiperiodicity.  Experimental  data  and 
calculations  are  presented. 


NONLINEAR  DYNAMICS  OF  DOUBLE  external  cavity  semiconductor  lasers 
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SUMMARY 

Semiconductor  injection  lasers  are  frequently  operated  in  external  cavities  for  spectral  narrowing  and  mode 
stabilization,  although  the  result  can  also  be  self-pulsations  and  chaos.  External  cavity  lasers  are  also  aligiunent- 
sensitive  and  are  generally  troublesome.  Why  then  would  anyone  want  to  study  double  external  cavity  lasers? 

Firstly,  suppose  one  requires  a  single  longitudiiud  and  transverse  mode  with  a  narrow  linewidth.  Single-mirror 

external  cavities  can  select  a  single  longitudinal  mode  (cavity  length  L  <  laser  diode  optical  length  L  J  or  narrow 

exl  d 

the  modal  linewidth  (L  >  >  L  ),  but  not  both.  Grating  external  cavities  can  select  and  narrow  a  single  mode,  but 
ex(  d 

at  a  much  lower  level  of  feedback,  severely  restricting  the  available  power  ( ~  1  mW).  A  combination  of  two  external 
cavities  [1]  -  one  short  plus  one  long,  or  two  short  cavities  with  a  small  length  offset  (a  vernier  combination)  -  can 
provide  effective  mode  selection  and  linewidth  narrowing  even  in  medium-to-high  power  semiconductor  lasers,  while 
intracavity  etalons  or  external  high-finesse  resonators  are  also  effective  in  this  regard  [2].  However,  in  each  case 
there  are  multiple  sources  of  feedback  which  must  be  taken  into  account  to  determine  the  laser  modes  and  dynamical 
properties. 

Secondly,  there  are  many  situations  in  which  conventional  (single-mirror)  external  cavities  are  subjected  to  one  or 
more  sources  of  additional  (often  inadvertent)  feedback  -  in  OEICs,  optical  storage  and  inspection,  fiber 
communication  systems,  for  example  -  and  again  these  must  be  included  in  systems  design. 

Finally,  there  are  many  fundamental  issues  to  be  examined  -  mode  mixing,  frustrated  instabilities  and  the  interplay 
between  cooperative  and  conq>etitive  dyiuunics  -  which  can  be  studied  in  a  particularly  convenient  and  flexible 
manner  using  double  external  cavities. 


In  this  paper  we  describe  experimental  and  theoretical  studies  of  the  static  and  dynamic  properties  of  double  external 
cavity  semiconductor  lasers.  Our  experiments  have  used  GaAs/GaAlAs  index-guided  lasers  (Hitachi  HLP-1400) 
coupled  to  two  long  (10-60  cm)  linear  external  cavities,  without  frequency-selective  elements  such  as  gratings  or 
etalons.  Our  theory  rests  on  rate  equations  for  the  carrier  density,  electric  field  amplitude  and  phase,  including  two 
coherent  optical  feedback  terms.  These  are  solved  for  the  steady-state  modes,  then  a  linear  stability  analysis  is 
performed  to  study  the  self-pulsations  observed  experimentally.  Finally,  the  rate  equations  are  integrated  numerically 
with  optional  Langevin  noise  terms. 

When  the  ratio  of  the  cavity  lengths  is  2: 1 ,  the  observed  behavior  is  very  similar  to  that  of  the  single  external  cavity 
laser  with  off-axis  tilt  asymmetry  [3,4],  showing  coherence  collapse  at  low  levels  of  feedback  ( ~  10^  in  intensity) 
and  spectral  mode  splitting  and  slow  self-pulsations  due  to  mode  mixing  at  high  feedback  (-10  ^  These  self¬ 
pulsations  initiate  period-doubling  or  quasiperiodic  routes  to  chaos,  and  these  effects  are  exacerbated  by  weak 
modulation  close  to  the  self-pulsing  frequency.  The  existence  of  chaotic  attractors  has  been  confirmed  by  calculating 
correlation  dimensions  and  bifurcation  diagrams  for  the  double  external  cavity  laser. 
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A  Simple  High-Speed  Si  Schottky  Photodiode 

B.  W.  Mullins,  S.  F.  Soares.  K.  A.  McArdle,  C.  M.  Wilson,  and  S.  R.  J.  Bnieck 


i4AfMcr— Dcfita,  fobricstioo,  and  UV*feeterod7iic  character* 
liatloa  of  Nl-Si-Nl  DMtal-MmkoBdactor-aictal  Mottky  bar¬ 
rier  photodetecton  b  reported.  Planar  detecton  were  fabrt- 
cafad,  with  a  eimpie  3-leTel  Uthographjr  proceee  oa  balk  SI,  in 
both  ifanplc-tap  and  taterdlgitat^  geometries  with  gap  dlmca- 
rioaa  from  1  to  5  pm.  F^aenqr  icqwnsc  of  these  dericee  wu 
charactetixed  ostng  a  CW-laser  heterodyne  system  at  334.S  am. 
For  a  43-pm  latcr^tated  device,  a  3-ffi  response  of  16  GHz  b 
measared,  giving  22  GHz  when  deconvolved  from  the 
pnduge/connector.  A  detailed  theoretical  model  of  the  photodi¬ 
ode  re^Bse  iacorporatlBg  effects  of  carrier  transport  and  de¬ 
vice  geometry  b  b  cxcdbnt  agreement  with  the  measoremeat 
Thb  model  predkte  an  86-GIlx  3-dB  response  for  the  1-pm  gap 
geometry  devices. 


iNTRODUenON 

There  has  been  extensive  leseaidi  (mi  high-speed  low- 
noise  photodetectors  in  the  0.8- 1 .3  pm  wavelength  range 
for  use  in  optica!  conununicadon  systems.  Four  genenl 
device  designs,  p-i-n  [1],  [2],  vertical  Schott]^  barrier  [3], 
planar  Schottky  barrier  [4]- (7],  and  avalanche  photodiode 
[8],  have  been  developed.  Device  materials  include  Si  [5], 
[9],  InGaAs  [8],  and  strained-layer  superlatdces  [10].  In  the 
near  mfrared  regton,  very  fast,  highly  responsive  detectors 
have  been  fabricated.  Frequency  responses  up  to  67  GHz  and 
quantum  efficiencies  of  80%  have  been  rqrorted  for  p-i-n 
devices  [2].  The  fastest  Schottky-barrier  devices  reported 
have  a  llO-GHz  frequency  response  [4], 

In  contrast,  relatively  little  work  has  been  reported  on 
ultraviolet  detectors.  As  ultrafast  UV  sources  beo^  avail¬ 
able,  there  is  mcreasing  interest  in  high-speed  detectors  for 
floonitoring  photochemical  and  other  high-speed  j^nomena. 

The  most  salient  materiate  characteristic  at  UV  wave¬ 
lengths  that  detennmes  detector  design  u  the  very  lugh 
absorption  coefficient  of  -  10*  cm~'  for  almost  all  semicon¬ 
ductors.  This  dictates  a  design  with  very  shallow  junctions  in 
traditional  vertical  geometries  and  favon  the  planar  struc¬ 
ture. 
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High-q>eed  UV  detecton  have  been  retorted  using  vertical 
Schottlgr  barrier  [11],  planar  interdicted  Sdwoky  barrier 
[9],  Si  p-n  junction,  and  vertical  p-i-n  with  a  thin  p-layer 
[12],  with  (Mily  moderate  success.  A  promising  design  used  a 
planar  interdigjtated  Sdiottl^  barrier  with  a  low-frequency 
quantum  efficiency  of  12%  at  337  nm  and  a  frequency 
respemse  of  S.3  GHz,  measured  at  800  nm  [9].  No  pocosec- 
ood  impulse,  autoconelatim),  or  heterotfyne  leqxmse  meas- 
uiemenb  at  UV  wavelengffis  have  been  retorted. 

We  report  on  fidirication  and  UV-beterodyne  dutncteiiza- 
don  of  high-speed  jdanar  Ni-Si-Ni  ScbottlQr  banim-pbotode- 
tecton.  For  a  4.S-Mm  gap  geometry,  a  16-GHz  3-dB  hetero¬ 
dyne  response  limited  by  packaging  effects,  is  measured  at  a 
wavelength  of  334  run.  This  is  die  highest  reported  tpeed  for 
an  Si-based  detector.  A  photodiode  transport  model,  includ¬ 
ing  carrier  drift,  diffusion,  and  recombination,  is  in  good 
agreement  with  the  measured  detector  frequency  response. 
This  model  gjves  a  24-GHz  3-dB  point  for  die  present 
detector  exclusive  of  packaging  Umhations.  For  a  1-fim  gap 
geometry,  the  model  predicts  an  86-GHz  3-dB  re^nse  for 
these  simple  Si  detectm. 

The  detector  consists  of  a  side-hy-side  pair  of  metal- 
semiconductor  junctions  comprisir^  a  metal-Kmkon- 
ductor-metal  (MSM)  diode.  The  exposed  semicoiiductor, 
between  die  metal  pads,  is  fully  defdeted  with  an  apfvopriale 
applied  bias.  This  dq;>leted  region  is  die  {riiotosensitive  region 
of  Ifab  diode,  and  high  applied  fields  resuh  in  very  fiut, 
saturated  drift  velocities  of  the  charge  carriers.  It  is  important 
to  appreciate  that  both  electron  and  bole  velocities  are  equally 
important  in  this  configuration.  In  this  teginie.  Si  offers 
performance  comparable  to  GaAs  and  InP,  in  contrast  to  the 
situation  in  which  dnly  electron  vdocities  and  mobilities  are 
inqxMtant.  The  direct  access  to  the  depletion  r^ioa  by  UV 
photons  avoids  the  short  absorption  length  proUem  inheiyjg 
in  odier  desigiu. 

A  common  pbenomenon,  reported  for  aO  MSM  devices,  b 
a  qiuikus  gain  medianism  leading  to  an  anomalous  effective 
quantum  efficiency,  >100%,  at  low  frequendes  [9],  [13]. 
Tentative  explanations  have  been  put  fotdi  [14],  but  no 
definitive  models  have  been  presented.  This  phenomenon  is 
also  seen  in  die  devices  tested  in  diis  study.  Our  results 
indicate  that  this  gain  is  most  likely  photoconduedve  resulting 
from  junction  leakage;  a  more  detailed  analysis  will  be 
published  elsewhere. 

Fabrication  op  Ni-Si-Ni  MSM  Schottky  Barrier 
Photodiodbs 

MSM  photodiodes  were  frbricated  with  Ni  Sdioltky  con¬ 
tacts  on  bulk  Si  (n  -  8  x  10’*  cm~’).  A  jdanar,  lateral 
geometry  with  both  contacu  on  die  top  surfroe  of  the  Si  was 
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used;  bodi  simple-gt^  and  interdigitated.  or  seipeadne-gap. 
devices  were  ^ricated  with  gap  widths  varying  -from  1  to 
4.5  pm.  A  representative  structure  is  shown  in  Pig.  1.  The 
first  layer  is  an  80-nm-tliick  SiO,  film.  Windows,  ran^ng 
fitom  100  to  500  ftm*,  ejqwse  the  semiconductor  surface 
where  die  Scbottky  contacts  are  formed.  The  oxide  serves  to 
iK>iat«‘-  optically  inactive  metaUizatioo  areas  and  reduce  junc¬ 
tion  capacitance  and  dark  current.  The  second  layer  is  a 
tft.nm.Aick  Ni  film  with  a  series  resistance  of  SO-M  0  and 
a  transmission  of  17%  at  334.5  nm.  The  hTi-Si  contactt  form 
the  MSM  photodiode.  The  photosensitive  semiconductor  re¬ 
gion  between  the  contacts  varies  in  area  frmn  15  to  90  pia^ 
in  the  sinofile-gt^  geom^ry.  The  final  layer  is  a  30/170  nm 
Cr/Au  film  to  form  the  75  x  75  pw?  bonding  pads. 

Photodiodes  were  fabricated  using  conventional  {Ao- 
tolitbography,  including  standard  liftoff  techniques  for  metal 
definition.  Si  wafers  were  cleaned  and  insetted  into  a  pre¬ 
heated  furnace  (1 100*Q,  with  an  Oj  flow  of  4  l/min,  for  25 
min,  to  grow  the  80-nm  oxide.  The  windows  in  the  oxide 
film  were  etched,  and  the  metal  films  deposited  in  three 
pbotolithogtsphic  steps.  Metal  films  were  deposited  in  an 
electron-beam  evaporator  at  a  rate  of  0.5  nm/s. 

After  fabrication,  wafers  were  cleaved  to  separate  dies 
incotporating  detectors  with  variations  in  geometry  and  di- 
meosKMis.  An  individual  die  was  mounted  at  the  edge  of  an 
Au-on-alumina  microstrip  high-speed  package  using  heat- 
conductive  epoxy.  The  package  was  mounted  on  an  Au-coated 
AI  block  and  an  SMA.  connector  (18-GHz  bandwidth)  was 
inessure  fined  to  the  strip.  Gtdd  wires  (25~pm  diameter)  were 
wire  braided  between  the  photodiode,  the  package,  and 
ground.  Care  was  taken  to  ensure  shrat  bond  wires  to  that 
p»ir.lr«gii>g  inductance  did  not  affect  die  measurementt.  Dark 
currents,  in  diis  oonoptimized  design,  were  <50  nA  for  a 
25-/im-loog  device  at  a  10-V  bias.  For  broad-band  photodi¬ 
ode  iqipUcatioas,  the  noise  associated  with  this  low  dark 
current  is  negligible  in  comparison  to  RF-amplifier  input 
nrase. 

Expejumental  Arrangement 

A  UV-heterodyne  system  was  developed  to  characterize 
these  detectors  [15].  A  single-mode  Ar'*'-ioo  laser,  X  =>  334.5 
nm,  and  an  intncavity  doubled  (LilO)),  frequency  stabilized 
dye  laser  provided  the  local  oscillator  and  signal  beams, 
respectively.  Careful  attention  was  placed  on  beam  and  polar- 
izatioa  overhqi.  A  typical  local-oscillatra'  intensiQr  of  10^ 
W/cm?  2-pm  FWHM)  at  the  detector  was  necessary  to 
re^  shot-ooise-limited  detection.  The  gain  of  the  RF- 
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biiM. 

amplifiers  and  cabling  from  the  SMA  crainector  to  flie  RF- 
spectrum  analyzer  was  calibrated  from  1  MHz  to  18  GHz 
using  a  vector  network  analyzer.  Absolute  tesponsivity  Rfa) 
was  confirmed  by  comparison  to  die  measured  dc  reqioosiv- 
ity  of  a  well-characterized  low-firequency  commercial  detec¬ 
tor. 

Results 

Measurements  of  Rfu)  were  made  on  several  different 
detectors  under  a  variety  of  conditions.  The  bulk  of  these 
measuremenu  were  used  to  validate  an  MSM  detector  re¬ 
sponse  model  that  predicts  high-qieed  detector  performance 
as  a  function  of  bias  aixl  beam  diameter  and  position  on  Ae 
detector,  using  Si  carrier  tranq;)ott  properties  [15].  The  model 
includes  effects  of  carritf  drift,  di^ion,  and  recombination. 
A  more  detailed  descriptikm  will  be  published  dsewfaere.  The 
model  was  compared  to  the  measured  frequency  response  for 
gap  dimensions  of  4.5,  3,  and  1  pm  wiA  differing  biases  and 
beam  positions. 

R(w)  curves  are  shown  for  a  4.5-/im  gap  interdigitated 
detector  at  30-  and  lO-V  bias.  (Figs.  2  and  3)  Heterodyne 
signal  levels  were  greater  than  20  dB  above  Ae  shot-noise 
floor  across  the  entire  firequency  range;  the  -  ±1  dB  varia¬ 
tions  are  due  to  package  and  electronics  resonances  as  can  be 
seen  by  noting  the  pattern  similarity  in  the  two  figures.  The 
2-ftm  FWHM  beam  was  centered  in  the  detector  gq>,  and 
R{w)  was  measured  out  to  18  GHz.  The  30-V  data  (Fig.  2) 
have  been  extended  to  show  Ae  low-frequency  gain  r^ioo, 
inherent  in  all  MSM  photodiodes.  Two  theoretical  plots  are 
shown.  The  upper  curve  in  boA  graphs  is  die  detector  modd 
which  is  in  good  agreement  wiA  the  data  out  to  about  14 
GHz.  At  these  frequencies,  the  bandwidA  liiwitatiotn  of  Ae 
SMA  connector  on  tiie  detector  package  become  inqiortatt. 
The  SMA  connector-deteettv  package  can  be  modeled.as  the 
product  of  a  simple  single  pde,  wiA  a  characteristic  fre¬ 
quency  of  18  GHz,  due  to  die  SMA  connector,  and  the 
detector  reqiraise.  This  leads  to  the  lower  modeling  curve. 
An  excellent  fit  is  obtained  out  to  the  experimental  frequency 
limit  of  18  GHz,  constrained  by  avaihAIe  amplifiers.  The 
effect  of  the  SMA  connector  can  be  seen  on  boA  the  30-  and 
10-V  data.  The  variation  in  die  frequency  response  for  these 
two  cases  arises  because  of  Ae  (slight)  change  in  earner 
velocities  at  die  two  iqiplied  field  strengths  in  this 
regime.  The  only  adjustable  parameter  is  the  overafl  gtiantim 
eflSciency. 

An  extrapolation  of  Ae  detector  bandwidA  can  be 
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Fig.  3.  FtcqfKOcy  nspoase  of »  gip  intenligitated  detector  at  10  V 

bias. 


Fig.  4.  Theoretical  {requeacy  tesponae  curvea  for  vaiying  gap  dimenaioH. 
The  calcnlatioo  was  carried  out  for  a  fixed  2-jttn  iflununatioa  apot  and  a 
fixed  biaa  of  10*  V/cm.  The  reduced  responttvity  for  the  smaller  detectoa 
is  timpiy  a  geometrical  effect  due  to  the  reduced  overlap  between  the 
and  the  active  detector  area. 

from  the  model,  assuming  an  ideal  RF  package.  At  30-V 
bias,  the  bandwidth  of  this  4.S'|tm  gap  detector  is  21 .5  GHz. 
Increasing  the  bias  win  result  in  slightly  higher  carrier  veloci¬ 
ties  and  should  give  a  24-GHz  bandwidth  for  a  4.S-|4m  gap 
Si-based  detector.  Scaling  the  response  to  smaUer  detector 
gap  widths  of  3  and  1  /itn,  the  model  predicts  bandwidths  of 
34  and  86  GHz,  respectively  (cf.  Fig.  4).  The  lower  respon- 
sivity  shown  for  the  smaller  detectors  is  simply  a  geomedical 
effect  as  the  calculation  is  carried  out  for  a  ^ed  incident  spot 
size.  This  high-speed  response  is  comparable  to  the  fastest 
reported  GaAs  detecton.  The  high-fre^ency  ultraviolet  te- 
qwnsivity  of  these  detectors,  0.032  a/w  (—  12%  quantum 
eflBciency)  with  no  antireflective  coating,  is  very  high  for 
detectors  wiA  these  large  bandwidths.  The  quantum  effi¬ 
ciency  of  die  smaDer  gap  detectors  scales  only  with  the  gtp 
dimension/spot  size  ratio.  Thus,  if  the  incident  spot  is  smaller 
than  the  gap  dimension,  then  the  quantum  efficiency  remains 
nearly  constant.  Smaller  detectors  and  tighter  focusing  wiD 
lead  to  a  significantly  improved  quantum-efficiency  band¬ 
width  product. 

CONCLUSKm 

A  higb-qieed  MSM  photodiode,  based  on  bulk  Si  and 
frbricated  by  a  simple,  inexpensive  process,  has  been  demon- 
strtfed.  The  bandviidths  of  these  devices  conqiare  well  to  the 
Cutest  reported  GaAs  devices.  A  major  advantage  of  ffiis 
device  for  UV  applications  is  die  relative  robustness  of  S 
compared  to  GaAs  when  suhjected  to  intense  ultraviolet 
radiation.  GaAs  devices  were  also  frbrkated;  however,  they 
showed  severe  degradation,  on  a  time  scale  of  minutes,  when 
subject  to  the  intense  local  oscillator  irradiation.  This  degra¬ 


dation  wu  irreversible  and  severely  limits  die  ^iplicability  of 
the  unpassivated  GaAs  devices  for  ultraviolet  applicatioas.  In 
contrast,  the  Ni-Si  devices  were  extremely  n4»ust  with  no 
changes  in  speed  or  responsivity  observed  over  time  scales  of 
several  months— both  for  devi^  stored  in  laboratory  ambi¬ 
ent  and  devices  subjected  to  many  hours  of  hi^-intensity  UV 
irradiation. 

The  sinqilicity,  manufacturability,  interconnection  compat¬ 
ibility,  and  ro^tness  of  the  planar-Si  MSM  photodiode 
make  it  a  strong  candidate  for  applications  where  ^  ultimate 
connection  is  to  a  silicon  VLSI  circuit.  The  high-qieed 
high-responsivity  detector  presented  here  is  an  ideal  candi¬ 
date  for  many  applications  due  to  its  materials  compatibility 
with  standard  Si  technology  and  the  absence  of  complex  and 
expensive  qiitaxial  growths. 
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A  large  second-order  nonlinearity  —  1  pm/V  —  0.2  xS  for  LiNbOi]  is  induced  in  the  near-surface  (~4  ftm) 
region  of  commercial  fused-silica  optical  flats  fay  a  temperature  (260-325*C)  and  electric-neld  (£  ~  6  x 
10*  V/fam)  pding  {vocese.  Once  form^  the  nonlinearity,  ediich  ia  roughly  10*-10*  times  larger  than  that  found 
in  fiber  second-harmonic  experiments,  is  extremely  stable  at  room  temperature  aitd  laboratory  ambient  The 
nonlinearity  can  be  cycled  by  repeated  depoling  (tempoature  onjy)  and  repoling  (teng>erature  and  dectric  fidd) 
(Hocesaes  without  history  effects.  Poesifaie  mechanisms,  including  ntmlinear  moieties  and  electric-field-induced 
second-order  nonlinearities,  are  discussed. 


Fused  silica  is  ubiquitous  in  modern  technology.  Its 
extremely  low  linear  optical  losses  have  enabled  the 
growth  of  the  fiber-optics  industry.  SiOj  also  plays 
a  dominant  role  in  microelectronics  technology,  in 
which  the  unique  properties  of  the  Si-SiOj  interface 
are  largely  responsible  for  the  behavior  of  metal- 
oxide  semiconductor  devices  underlying  advances  in 
computer  hardware. 

Unlike  its  related  quartz  crystalline  ];)ha8e,  fused 
silica  is  amorphous  with  a  macroscopic  inversion 
symmetry  that  forbids  second-order  nonlinear  pro¬ 
cesses.  Thus  the  discovery  by  dsterberg  and 
Maigulis'  of  efficient  second-harmonic  generation 
(SHG)  in  a  variety  of  Si-Ge  glass  fibers  on  training 
with  optical  fields  has  generated  considerable  inter¬ 
est  in  the  physics  and  applications  of  this  un¬ 
expected  phenomenon.  Stolen  and  Tom*  proposed  a 
mechanism  based  on  electric-field-induced  non- 
linearities  in  which  the  field  arises  from  a  third- 
order  (^tical  rectification  process.  Bergot  ef  a/.* 
have  obmrved  an  enhancement  of  the  nonlinearity 
with  the  application  of  a  tremsverse  electric  field. 
Recently  Anderson  et  al.*  propose  a  fhotovoltaic  ef¬ 
fect  based  on  interference  between  the  fundamental 
and  harmonic  fields  that  phenomenologically  ac¬ 
counts  for  the  observed  strength  of  this  field.'  This 
field  interacts  with  the  material  third-order  non¬ 
linearity  Af**’  to  provide  an  effective  a''*’  =  Af***^*- 
Similar  field-induced  nonlinearities  have  been 
observed  in  a  variety  of  material  systems,  e.K.,  para- 
electric  lead-lanthanum  zirconate-titanate.' 

In  this  Letter  we  report  vdiat  is  to  om*  knowledge 
the  first  observation  of  a  permanent  second-order 
nonlinearity  in  the  near-surface  region  of  bulk 
fused  SiOa  induced  by  a  temperature/static  electric- 
field  poling  process.  The  induced  ;t'***’8  achieved  are 
3  to  4  orders  of  magnitude  larger  than  those  found 
in  the  flber  experiments  and  approach  that  of  tradi¬ 
tional  nonlinear-optical  materUds  such  as  LiNbOs. 

The  preparation  process  for  generating  the 
nonlinearity  in  a  8anq>le  involves  heating  it  to  2M- 
325^  in  a  laboratory  ambient  while  applying  a  dc 
bias  of  3-6  W  across  the  nominally  l.^mm-thick 
samples.  After  —15  min  of  poling  the  heater  is 


turned  off  and  the  sample  is  cooled  to  room  tenq>era- 
ture.  Once  cooled,  the  electric  Held  is  removed,  and 
a  stable  nonlinearity  is  observed.  For  most  ex¬ 
periments,  electrodes  (stainless  steel  and  Si)  were 
simply  physically  contacted  to  the  sample.  Sanqdes 
have  been  maintained  at  room  temperature  without 
special  precautions  for  several  months  without  aqy 
noticeable  d^radation  of  the  nonlinearity.  Apfdi- 
cation  of  heat  alone,  above  —  250*C,  removes  the 
nonlinearity.  The  necessary  voltage  did  not  scale 
with  the  sample  thickness.  Attenq>t8  to  pole  com- 
merical  fused-silica  coveralips  (180  /aio  thi^)  with  a 
linearly  scaled  voltage  were  unsuccessful.  How¬ 
ever,  large  nonlinearities  were  observed  vdten  these 
same  samples  were  placed  atop  a  1.6-mm-thick 
sample  and  the  larger  voltage  was  applied  across 
both  samples. 

The  SHG  signal  from  these  poled  samples  was  ob¬ 
tained  with  lO-ns  pulses  at  1.06  pm  from  a  1-mm- 
diameter  Q-switched  Nd:YAG  lasv  beam  qierating 
at  10  Hz  at  an  intensity  of  10  MY^icm*.  The  SHG 
sig.ials  were  recorded  with  a  photomultiplier  tube 
(maximum  signal-to-noise  ratio  —500:1). 

The  second-harmonic  polarization  indeed  normal 
to  the  surface  along  the  poling  field  (the  z  direction) 
is  given  1^ 

=  2eo[^3T(^.*  +  E/)  +  (1) 

If  we  measure  the  relative  contributions  of  the  verti¬ 
cal  and  the  horizontal  input  polarizations  to  the 
SHG  signal,  the  ratio  of  xu  to  x^  is  determined  to 
be  7:1.  A  model  of  the  angular  dependence  of  t^ 
SHG  power,  including  ang^ar-dependent  Fresnel 
reflectivity  coefficients,  shows  that  the  signal 
should  maximize  at  an  incident  angle  of  aj^roxi- 
mately  60”.  Indeed  a  large  harmonic  sign^  was 
measured  at  a  60”  angle  of  incidence  as  shown  in 
Fig.  1.  The  ratio  xS/xS’  that  best  fits  this  angular 
SHG  scan  is  —2:1.  This  disagreement  with  the 
ratio  obtained  from  the  relative  power  measure¬ 
ments  has  not  been  resolved. 

Scanning  the  laser  spot  transversely  yields  a 
smooth  nonlinearity  profile  over  the  area  covered  hy 
the  1-cm*  electrode  used  for  poling.  No  obemvaUe 
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An|Ie  of  Incidence  (degreei) 


Fig.  1.  SHG  signal  from  a  poled  Optosil  sample  versus 
the  angle  of  incidence  for  a  TM-poLsrized  fundamental 
beam  at  1.06  /im. 


Pig.  2.  SHG  signal  versus  the  poling  voltage  for  a  fixed 
ten^rature  and  poling  time.  The  si^ial  was  obtained  on 
a  sin^  sample  with  successive  polings  at  higher  poling 
voltages. 

SHG  signal  was  obtained  for  poling  temperatures 
below  210‘’C.  The  SHG  signal  increased  as  a  ~3.5 
power  law  with  the  applied  voltage  as  shown  in 
Fig.  2.  The  nonlinearity  could  be  recycled  through 
a  number  of  depoling  (fay  application  of  heat  alone) 
and  rqwling  cycles  (by  aj^lication  of  heat  and  elec¬ 
tric  field)  without  degra^tion  of  the  signal.  Ir¬ 
radiation  at  a  peak  power  level  of  100  m'Viycm*  at 
257  nm  using  a  frequency-doubled  Ar-ion  l^r  for 
over  an  hour  did  not  affect  the  nonlinearity.  This 
is  in  contrast  to  the  flber  results,  where  UV  irradia¬ 
tion  does  erase  the  nonlinearity.^ 

No  fringes  were  observed  as  the  angle  of  incidence 
was  varied  at  fundamental  wavelengths  of  1.06  ^m, 
740  nm,  and  533  nm.  This  indicates  that  the  non¬ 
linear  layer  thickness  is  less  than  or  comparable 
with  the  coherence  length,  which  is  3  fim  at 
533  nm.*  The  absence  of  Maker  fringes  aim  indi¬ 
cates  that  the  nonlinearity  is  generated  only  on  one 
side  of  the  sample.  Interference  fringes  were  ob¬ 
served  from  two  adjacent  samples,  and,  from  the 
pc^odkity  of  those  fringes,  it  was  possible  to  deter¬ 
mine  that  the  nonlinearity  was  always  on  the  side  of 
the  sample  that  had  been  positively  biased  during 
poling.  The  nonlinearity  moved  from  one  side  to 
the  Q^ier  for  repoling  wi^  reversed  polarity. 

The  depth  profile  of  the  nonlinearity  was  deter¬ 
mined  by  diHerential  chemical  etching  using  a  49% 


HF  acid  solution.  Figure  3  shows  the  varistum  of 
the  SHG  as  a  function  of  the  layer  dqith  for  samples 
poled  for  a  duration  of  15  min  and  for  a  duration  of 
2  h.  Etch  depths  were  determined  by  surface  pro- 
filometer  scans  at  each  etch  step.  There  was  sig¬ 
nificant  roughening  of  the  sanqde  surface  fay  the 
etching.  An  index-matching  fluid  was  used  to  en¬ 
sure  an  optically  smooth  surface  for  comparability  of 
the  results.  While  the  initial  SHG  signal  measured 
using  1.06-/Am  pulses  was  aiq>roximate]^  the  same 
for  both  samples,  the  increase  of  the  layer  thickness 
on  bnger  poling  time  is  significant.  For  the  nomi¬ 
nal  15-min  poling  used  in  most  of  the  experiments 
reported  here,  the  characteristic  length  was  £4  /zm. 

The  coefficient  was  measured  by  conqiaring 
the  SHG  power  generated  in  crystal  quartz  (1  mm 
thick)  wiGi  that  in  LiNbOa  (76  fim  thick)  reference 
samples  at  four  diHerent  wavelengths.  The  maxi¬ 
mum  SHG  signal,  generated  over  a  full  coherence 
length,  is  given  by  P**  «  41^1*  cos*  ftLe*/ir*,  vdiere 
Lc  (=‘ir/Ak)  is  the  coherence  length  for  the  SHG  at 
the  corresponding  wavelength.  For  an  exponen¬ 
tially  decaying  nonlinearity,  as  found  for  the  poled 
fused-silica  samples  in  the  etching  experiment,  the 
SHG  power  is 

P^L)  cc  1^0)1* 

fexp(-2aL)  +  1-2  exp(-2gL)cos  AkL] 


b  iJ 

(2) 

where  a~*  is  the  cliaracteristic  length  of  the  nonUn- 
earity.  In  the  limit  of  L-*  »  the  SHG  power  P*" 
becomes  proportional  to  P*"  -*■  |^0)l*[l/(Ajk*  +  a*)]. 
Using  the  available  indices  of  refraction,'  we  calcu¬ 
lated  the  coherence  lengths  of  quartz,  LiNbOa,  and 
fusid  silica.  From  the  observed  etching  rate  we 
measured  the  inverse  characteristic  length  a  of 
0.25  An  average  value  of  approximately 

1  X  10"**  m/V  for  xS,  the  largest  coefficient  of 
the  poled  fused  silica,  was  obtain^  The  value  of 
ArSf  showed  no  dispersion  over  the  three  wavelengths 
used.  The  measured  xS  value  of  fused  silica  is  al¬ 
most  20%  of  the  x'Si’  v^ue  of  LiNbOa. 

We  used  severd  commercial  grades  of  amorphous 
silica,  including  Optosil,  Homosil,  Infrasil,  and 


Etch  Depth  (/un) 


Fig.  3.  SHG  signal  versus  the  etch  depth  as  the  material 
is  successively  etched  awiy  for  two  sarnies  with  identical 
pding  voltages  (5  kV)  and  temperatures  (280*C)  but  dif¬ 
ferent  poling  tiroes. 


Suprasil.  The  strent'th  of  the  SHG  signal  was 
approximately  the  same  for  all  samples  (within  a 
factor-of-2  variation)  except  for  Suprasil,  which 
showed  a  signal  only  ~10%  as  large.  &iprasil,  man¬ 
ufactured  a  ^nthetic  process,  has  a  level  of  metal 
impurities  only  10%  that  of  the  other  grades.* 

This  large  difference  in  SHG  signals  suggests  that 
inqnirities  play  a  role  in  the  generation  of  the  large 
observed  nonlinearity.  Typically  the  dominant 
metal  impurity  in  Optosil  and  related  materials  is 
A1  with  a  concentration  of  20-50  parts  in  10* 
(ppm).*  A1  is  known  to  substitute  for  Si  in  as- 
grown  fiised-silica  samples.  Brower has  investi¬ 
gated  the  formation  of  paramagnetic  impurity 
centers  associated  with  these  A1  impurities  includ¬ 
ing  AIOm"  and  AlOaa'-Na*  complexes  formed  imder 
ionizing  radiation.  The  temperature-induced  desta¬ 
bilization  of  these  complexes  is  similar  to  the  ob¬ 
served  dependence  of  the  SHG  signal  on  poling 
temperature.  Indeed,  almost  all  trapping  centers 
observed  in  Si02  films  have  shown  thermal  dis- 
cfaaige  temperatures  in  the  range  of  100-400‘‘C.*‘ 

If  such  localized  moieties  are  indeed  present  and 
oriented,  then  the  individual  hyperpolarizability 
p  can  be  estimated  from  the  measured  y'*’.  If  an 
inq)urity  density  of  50  ppm  is  assumed,  p  is  esti¬ 
mated  to  be  10~”  m*/V,  many  orders  of  magnitude 
larger  than  that  of  urea  or  2-methyl-4-nitroaniline.“ 
This  casts  significant  doubt  on  a  localized  impurity 
model  for  the  nonlinearity. 

Another  possibility  is  a  field-induced  third-order 
process  similar  to  that  proposed  for  the  fiber  ex¬ 
periments.  With  the  known  fused-silica  — 
10”**  m*/V*,‘*  the  dc  field  required  to  generate  the 
observed  y®  is  ~10’  This  large  field  might 

be  generate  in  the  fused  silica  by  cha^  separation 
at  high  tempierature  followed  by  trapping  as  the  tem¬ 
perature  is  lowered  with  the  field  appli^.  The  ma¬ 
jor  charge  carriers  in  fused  silica  (9-eV  beuid  gsqi)  in 
this  temperature  range  are  likely  to  be  cations  such 
as  Na^.  Under  the  applied  temperature  and  bias, 
these  cations  will  drift  to  the  cathode  and  leave  a 
space-charge  region  with  a  fixed  concentration  of 
tra^^  negative  charge  similar  to  that  in  Schottky 
bakers.  Under  these  conditions,  the  ma^r  part  of 
the  externally  applied  potential  is  dropped  over  a 
depletion  region  of  only  several  micrometers,  vdiich 
enhances  the  field  strength.  Assuming  an  impurity 
density  of  50  ppm  (the  nominal  total  impurity  con¬ 
centration)  and  a  poling  voltage  of  5  kV,  a  space- 
charge  width  of  5-6  fim  and  a  maximum  field 
strength  of  10^  Wcm  estimated  across  the  deple¬ 
tion  region,  comparable  with  those  of  experimental 
observations.  Additionally,  this  mechanism  is  con¬ 
sistent  with  the  experimental  observation  of  a  fixed- 
voltage  requirement  rather  than  a  fixed-field 
requirement  on  thickness  scaling.  This  model  pro¬ 
vide  for  regions  of  high  field  at  each  end  of  the 
Miwplp.  Experimentally  the  nonlinearity  is  only  ob¬ 
served  on  the  anode  side.  This  may  be  due  to  in¬ 
equivalent  charge  distributions,  which  lead  to 
varying  field  strengths  and  effective  lengths. 


In  conclusion,  we  have  generated  an  extremely 
large  second-order  nonlinearity  in  the  near-surface 
regions  of  bulk  fused  silica.  The  coefficient  of 
1  X  10'**  m/V  is  of  the  same  order  as  that  of  crystal 
quartz  and  is  3  orders  of  magnitude  larger  than  that 
reported  for  fibers.  A  possibility  for  tlw  micro¬ 
scopic  mechanism  of  this  nonlinearity  involves  the 
creation  and  orientation  of  nonlinear  conqilexes  du*  • 
ing  the  poling  process.  However,  this  model  leads 
to  questionably  large  values  for  the  h3l>erpolarizabil- 
ity.  Another  possibility  is  the  generation  of  a  large 
dc  field  (10''  V/cm)  by  charge  separation  and  trap¬ 
ping,  which  induces  the  lar^  y**’  by  a  field-indued 
thid-order  process.  Because  of  ^e  realty  manu¬ 
facturability  of  silica  optical  materials  and  their  in- 
t^ration  with  semiconductor  optoelectronics,  this 
nonlinearity  may  have  important  applications  in 
waveguide  and  other  optoelectronic  devices. 
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ABSTRACT 


A  dramatic  progress  in  the  development  of  high-quality  vertical-cavity  surface-emitting 
lasers  (VC-S£Ls)  has  been  achieved  during  the  last  couple  of  years,  with  very  strong  contribu¬ 
tions  made  by  U.S.  researchers.  In  particular,  new  concepts  of  microlasers  and  resonant- 
periodic-gain  devices  have  been  proposed  and  implemented,  and  devices  with  strained- 
quantum-well  active  regions  have  been  demonstrated.  This  paper  reviews  the  present  status  and 
future  prospects  for  (VC-SELs),  with  emphasis  on  recent  developments  in  the  U.S. 


1.  INTRODUCTION 

Vertical-cavity  surface-emitting  lasers  (VC-S£Ls)  have  a  unique  history  of  long  and 
painstaking  development  by  a  single  research  group,  in  the  atmosphere  of  prevailing  skepticism 
reigning  in  the  semiconductor  laser  community.  For  over  a  decade  since  their  invention  in  1977, 
development  and  studies  of  vertical-cavity  surface-emitting  lasers  (VC-S£Ls)  have  been  limited 
to  a  single  group  at  Tokyo  Institute  of  Technology,  led  by  Kenichi  Iga  [Iga  1988].  The  apparent 
lack  of  interest  in  VC-S£Ls  amongst  semiconductor  laser  researchers  was  caused  by  notoriously 
poor  performance  of  those  devices  (high  threshold  currents,  low  efficiencies,  no  cw  operation  at 
room  temperature).  For  example,  as  recently  as  in  1988  the  pulsed  room-temperature  threshold 
current  densities  were  -30  times  larger  than  the  corresponding  cw  densities  in  edge  emitting 
lasers  [Sakaguchi  1988].  Until  very  recently,  VC-S£Ls  have  not  even  been  seriously  considered 
for  any  applications.  This  situation  has  changed  dramatically  over  the  last  couple  of  years, 
during  which  a  startling  progress  in  the  development  of  high-quality  VC-SELs  has  been 
achieved.  In  this  paper,  we  will  examine  the  present  status  and  future  prospects  for  VC-SELs, 
with  emphasis  on  recent  advances  in  the  U.S.  Parallel  developments  in  Japan  are  described  else¬ 
where  in  this  volume  [Ogura  1991]. 

An  important  driving  force  behind  the  recent  surge  of  interest  in  VC-SELs  is  a  wide  range 
of  potential  applications  for  two-dimensional  (2-D)  laser  arrays.  While  individual  VC-SELs  may 
represent  an  alternative  to  existing  edge-emitting  lasers,  they  offer  unique  novel  opportunities 
when  assembled  into  2-D  arrays.  Compared  to  conventional  arrays  of  grating  surface  emitters  or 
deflected-beam  diode  lasers,  VC-SEL  arrays  offer  the  advantages  of  high  packing  density, 
larger  emitting  areas  and  consequently  higher  output  power,  unconstrained  arrangement  of 
emitters,  wafer-scale  processing,  inherent  single-longitudinal-mode  operation,  and  narrow 
nearly-circular  output  beams  that  facilitate  coupling  to  optical  fibers  or  redirection  and  detec- 
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tion  in  open-space  systems.  Compatibility  with  vertical  stacking  architecture  allows  to  integrate 
these  arrays  into  more  complex  system.  Moreover,  large  numbers  of  VC-SELs  with  each  emitter 
having  a  different  wavelength  can  be  integrated  monolithically  [Chang-Hasnain  1990b],  [Chang- 
Hasnain  1991].  These  features  render  them  ideal  for  many  new  applications,  such  as  chip-to- 
chip  communications,  free-space  optical  communications,  optical  recording,  medicine,  etc.  Es¬ 
pecially  attractive  are  applications  requiring  high  degree  of  parallelism,  such  as  optical  intercon¬ 
nections,  optical  computing,  image  processing,  and  optical  pattern  recognition. 

Replacement  of  electrical  interconnections  with  optical  devices  has  many  potential  advan¬ 
tages  such  as  high  interconnection  densities,  high  transmission  speed,  low  power  requirements, 
low  loss,  low  dispersion,  low  mutual  interference,  immunity  to  RFI,  EMI,  and  EMP,  and  re¬ 
duced  impedance  matching  and  groundplane  requirements  [Goodman  1984],  [Feldman  1988]. 
Both  free-space  and  guided-wave  configurations  can  be  used.  The  successful  implementation  of 
optical  interconnections  in  real  systems  largely  depends,  however,  on  the  development  of 
suitable  two-dimensional  arrays  of  low  cost,  high  speed,  high  packing  density,  reliable  optical 
sources  that  would  operate  at  low  driving  currents  and  would  deliver  sufficient  output  power. 
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Dramatic  progress  in  VC-SELs  over  the  last  two  years  brought  forth  a  variety  of  novel  de¬ 
vice  structures.  Conventional  VC-SELs  had  bulk,  double-heterostructure  active  regions.  A 
typical  geometry  of  etched -well  ring-contact  cylindrical  structure  is  shown  in  Fig.  1.  Recent 
development  efforts  concentrated  on  reducing  the  lasing  threshold  and/or  increasing  the  maxi¬ 
mum  output  power.  Significant  new  concept  was  replacement  of  the  bulk  active  region  with 
narrow  (single-  or  multiple-quantum- well)  layers  in  a  carefully  designed  cavity  such  that  the 
position  of  the  active  layer  would  coincide  with  an  antinode  of  laser  radiation  at  a  designed 
wavelength  of  operation.  VC-SELs  with  a  single  active  region  satisfying  this  resonant  condition 
are  often  called  microlasers  [Jewell  1989b],  [Jewell  1990a]  (see  Fig.  2).  A  simple  extension  of  the 
microlaser  concept  leads  to  introduction  of  distributed-Bragg-reflector  resonant-periodic-gain 
(DBR-RPG)  lasers  [Raja  1989],  [Corzine  1989b]  (Fig.  3),  in  which  multiple  active  regions  are 
separated  by  half-wave  spacers.  The  most  recent  advance  in  RPG  laser  structures  is  a  dis¬ 
tributed-feedback  resonant-periodic-gain  (DFB-RPG)  VC-SEL  [Mahbobzadeh  1990]  (Fig.  4), 
where  an  RPG  active  region  is  intercalated  with  the  multilayer  reGectors. 

A  characteristic  feature  of  VC-SELs  that  distinguishes  them  from  edge-emitting  semicon¬ 
ductor  lasers  is  their  small  single-pass  gain,  reminiscent  of  gas  lasers.  As  a  direct  consequence  of 
small  gain,  in  order  to  avoid  prohibitively  high  lasing  threshold  it  is  necessary  to  place  the  ac¬ 
tive  medium  in  a  high-Q  resonator.  In  t<^ay*s  state-of-the-art  VC-SELs,  this  is  almost  invari¬ 
ably  achieved  by  providing  a  Bragg  resonator  consisting  of  a  stack  of  high-reflectivity  quarter- 
wave  layers  on  either  side  of  the  active  medium. 
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?.l.  Threshold 

Due  to  extremely  short  length  of  the  active  medium,  it  is  imperative  to  achieve  very  high 
(close  to  unity)  reflectivities  of  the  mirrors  defining  the  Fabry-Perot  resonator.  Several  concepts 
were  employed  to  reach  that  goal:  quarter-wave  dielectric  multilayer  reflectors  [Zinkiewicz 
1989],  [Yoo  1990],  quarter-wave  semiconductor  multilayer  reflectors  [Jewell  1989a),  [Scherer 
1989],  metallic  reGectors  [Deppe  1989],  [Yang  1990],  [Schubert  1990],  [Tu  1990]  and  hybrid 
mirrors,  combining  semiconductor  and  metallic  reGectors  [Schubert  1989],  [Fisher  1990]  or 
semiconductor  and  dielectric  layers  [Ho  1990a].  The  high  reGectivity  semiconductor  mirror 
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Fig.  ].  Typical  geometry  of  a  conventional 
etched-well  VC-SEL. 


Fig.  2.  Schematic  illustration  of  layer  struc¬ 
ture,  optical  intensity  distribution,  and 
refractive  index  profile  in  a  microlaser. 
Thick  line  (A)  represents  high- index 
quantum-well  active  layer,  unshaded 
regions  (B)  -  intermediate-index  quarter- 
wave  spacers,  unshaded  regions  (C)  - 
intermediate-index  half-wave  spacers, 
shaded  regions  (D)  -  low-index  quarter- 
wave  spacers. 
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Fig.  3.  Schematic  illustration  of  layer  struc> 
ture,  optical  intensity  distribution,  and 
refractive  index  profile  in  a  DBR-RPG 
laser.  Layer  designation  is  the  same  as  in 
Fig.  2. 


Fig.  4.  Schematic  illustration  of  layer  struc> 
ture,  optical  intensity  distribution,  and 
refractive  index  profile  in  a  DFB>RPG 
laser.  Layer  designation  is  the  same  as  in 
Fig.  2. 


growth  represents  a  significant  technological  challenge,  since  it  requires  a  very  good  control  of 
each  layer  thickness  and  composition.  Calculations  indicate  that  changing  the  thickness  in  one 
quarter-wave  layer  by  only  one  unit  cell  (two  monolayers)  produces  a  shift  of  resonant  wave¬ 
length  up  to  0.12  nm  (Weber  1990].  In  addition,  rough  interfaces  reduce  the  reflectivity,  intro¬ 
duce  scattering  and  diffraction  loss,  and  deform  the  wavefront  of  the  lasing  mode.  Advanced 
crystal  growth  techniques,  such  as  atomic  layer  epitaxy  or  phased-locked  epitaxy  [Walker  1990] 
may  be  utilized  to  provide  ultimate  perfection  and  uniformity  of  DBR  layers  with  high  repro¬ 
ducibility.  Improved  quality  of  interfaces  can  also  be  achieved  by  employing  misoriented  sub¬ 
strates  (Wang  1990b]. 

Over  the  last  two  years,  lasing  threshold  of  VC-SELs  for  room- temperature  operation  has 
been  reduced  by  orders  of  magnitude.  The  progress  achieved  in  electrically  pumped 
GaAs/AlGaAs  devices  is  illustrated  in  Tables  I  and  III  for  pulsed  and  cw  operation,  respec¬ 
tively. 

So  far,  there  have  been  relatively  few  reports  of  temperature  dependence  of  lasing  thresh¬ 
old.  The  characteristic  temperature  To  for  pulsed  threshold,  given  in  Table  II,  is  comparable  to 
edge-emitting  devices.  However,  as  shown  in  Table  IV,  To  becomes  significantly  smaller  for  cw 
operation.  Large  difference  between  pulsed  and  cw  values  of  To  indicates  that  strong  tempera¬ 
ture  dependence  of  cw  threshold  in  VC-SELs  is  primarily  caused  by  thermal  effects. 

Optical  pumping  provides  a  convenient  tool  for  studying  VC-SEL  structures.  It  can  be  used 
to  evaluate  potential  performance  of  novel  designs  prior  to  achieving  electrical  pumping.  It  is 
worthwhile  noting,  however,  that  caution  should  be  exercised  when  interpreting  optical  pumping 
data.  With  optical  pumping,  the  active  region  is  defined  simply  by  the  spot  size  of  the  pump 
beam,  without  any  wafer  processing.  In  electrically  pumped  structures,  good  confinement  of 
carriers  in  columnar  devices  is  accompanied  by  increased  surface  recombination  at  side  walls, 
while  planar  structures  suffer  from  current  spreading.  Hence,  the  threshold  current  density 
estimated  from  optical  pumping  data  (Jewell  1989b]  may  lead  to  overoptimistic  conclusions. 

Another  point  of  caution  when  interpreting  the  optical  pumping  results  is  a  considerable 
uncertainty  in  evaluating  the  pump  power  actually  absorbed  in  the  active  region.  This  somewhat 
corresponds  to  difficulties  in  establishing  the  pumping  current  in  the  active  region  in  the 
presence  of  current  spreading. 

Tables  V  and  VI  contain  data  on  room-temperature  lasing  threshold  in  optically  pumped 
VC-SELs  under  pulsed  and  cw  conditions,  respectively. 


3.2.  Output  power  and  efficiency 

In  evaluating  progress  in  VC-SELs  with  respect  to  output  characteristics,  we  have  selected 
peak  output  power  and  overall  power  conversion  efficiency  as  the  main  indicators.  We  have  not 
included  the  slope  efficiency  ija.  since  it  can  be  made  artificially  high  by  reducing  mirror  re¬ 
flectivities  at  the  expense  of  increased  threshold  current.  For  example,  can  be  increased  from 
~15%  to  54%  by  reducing  the  Ag  mirror  thickness  from  400  A  to  300  A  (Tu  1990].  However,  in 
the  same  instance,  the  pulsed  threshold  current  density  y'th  in  20-iim  diameter  devices  increases 
from  13  to  19  kA/cm*  (Ah  raising  from  40  to  60  mA). 

Tables  VII  and  VIII  contain  data  on  output  power  and  energy  conversion  efficiency  for 
electrically-pumped  VC-SELs  operating  under  pulsed  and  cw  conditions,  respectively.  Optical 
pumping  results  are  summarized  in  Tables  IX  and  X. 
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Table  I.  Room  Temperature  Pulsed  Threshold 


yih  •  threshold  current  density 
/iti  -  threshold  current 
V|],  -  threshold  voltage 
Ip  •  pulse  length 
rtp  •  duty  cycle 


Table  n.  Characterisdc  Temperature  To  for  Pulsed  Operations 


TolK) 

Range  I*C) 

Size  bun] 

Structure 

Reference 

210 

10-90 

1S0 

4x10  i«n  MQW  ORINSCH  proien- 
impUnied  plaicr 

[Hainsin  1990) 

To  •  characteiistic  ternperaiuie 


Table  III.  Room Temperatuie  CWThieshoId 


^  ntAA:ii|2j 

/ihlmA] 

V'lhW 

Siae[|tm] 

Stnictttre 

Reference 

130 

2.3 

27 

1.5  0 

unpuiivated  3x8  nm  MQW 
strained  cohumtar  )ilascr 

[Je«eU  1990b] 

31.8 

1 

20 

passivated  3x8  tan  MQW 
strained  cohunnsr  plaser 

[Jewell  1990b] 

22.6 

40 

15  0 

0.5{tmDH-DBR 

|T«i  1989b] 

19.6 

8 

80 

metallic  miiroc 
06itmDH-OBR 

(Schubert  1990] 

9.4 

24 

t.8 

18  0 

metallic  mirror 
0£tunDH-DBR 

[Schubert  1990] 

9.4 

I.S 

4x4 

2(imDH-DBR 

[Htin  1990] 

6.6 

2.5 

70 

3x8  tan  MQW  strained 
columnar  plaser 

[JeweU  1990b] 

6 

1.5 

5x5 

10  nm  SQW  strained 
columnar  (tiaser 

[Jewell  1990b] 

4.1 

0.8 

50 

passivated  3x8  nm  MQW 
strained  columnar  plater 

(Jewell  i990b] 

■■ 

3.6 

3.7 

10x10 

3x8  nm  MQW  strained 
kai-imptanted  plater 

[Lee  1990a] 

2.8 

2.2 

7.5 

100 

4x10  nm  MQW  proton- 
implanted  plater 

[Lee  1990b] 

1.4 

IB 

4 

7x7 

8  nm  SQW  strained 
columnare  plater 

(Gecit  1990b] 

t.2 

4.8 

20x20 

strained  columnar 
plater 

(Clausen  1990] 

l.l 

1.5 

IfQI 

300 

IHIESlu^SRESSUH 

rrell  1990) 

0.8 

1.1 

4 

12x12 

8  nm  SQW  tiraiited 
coluRUWr  plater 

[Geels  1990a] 

yih  •  threshold  current  density 
/(h  -  threshold  current 
V'lh  -  threshold  voltage 

Table  IV.  Characteristic  Temperature  Tq  forCW  Operation 


TodC] 

Range  CC] 

Size  [pm] 

Structure 

Reference 

115 

15-50 

15  0 

0.5  pm  DH-DBR 

[Tai  1989b] 

130 

10-50 

15  0 

4x10  nm  MQW  GRINSCH 
proton-implanted  ptaser 

[Hasnain  1990] 

To  -  characteristic  temperatuie 


4.  PERFORMANCE  OF  CONVENTIONAL  VC-SFI  e 


Conventional  VC-SELs  with  thick  active  regions  carry  a  potential  for  high-power  opera¬ 
tion,  with  the  highest  reported  pulsed  output  power  of  120  mW  emitted  by  devices  with  diame¬ 
ter  of  35  urn  [Zinkiewicz  1989].  The  cw  output  is  however  considerably  lower,  with  thermally 
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limited  light-output  characteristics  exhibiting  a  downward  bend  at  output  power  levels  near  1 
mW  for  etched-well  devices  (Tai  1989b]. 

As  recently  as  two  years  ago,  the  pulsed  room -temperature  threshold  current  densities  of 
VC-SELs  were  ~30  times  larger  than  the  corresponding  cw  densities  in  edge  emitting  lasers 
ISakaguchi  1988].  The  threshold  in  conventional  VC-SELs  remains,  however,  very  high  (about 
10  kA/cm*  [Botez  1989],  [Schubert  1990],  compared  to  less  than  1  kA/cm*  in  GaAs/AlGaAs 
edge  emitters  with  similar  bulk  active  regions),  which  indicates  that  thermal  effects  are  still 
critical. 

Conventional  planar  VC-SELs  have  been  successfully  integrated  into  closely  packed 
phased-locked  arrays  [Deppe  1990],  [van  der  Ziel  1990].  However,  the  familiar  double-lobed 
far-field  pattern  that  plagues  the  high-power  edge-emitting  phased  arrays  has  been  observed. 
Hence,  one  of  the  major  attractions  of  VC-SELs  which  is  its  circular  narrow  output  beam  is  lost 
when  high-order  2-D  supermodes  are  excited  [Yoo  1990c].  It  can  be  expected  that  achievement 
of  stable  single-lobe  far-field  in  2-D  arrays  will  represent  a  formidable  challenge. 


Table  V.  Roan-Temperature  Pulsed  Threshold  -  Optical  Pumping 


pOiCkW/em^] 

^ihtmW] 

rp(ns] 

OpW 

Sizetpin) 

Stnicaite 

Reference 

50900* 

900* 

0.01 

0.08 

1.5  0 

UiunDHDBR 

[Jewell  1989a] 

1,600 

1.250 

12 

100 

150x10  nm 
MOW-DBR 

[Courley  1987) 

820 

410 

0.01 

0.08 

80 

20x8  nm  tfrained 
MOWDBR 

[Haat«  1989] 

30 

24 

100 

20x60  am 
DBR-RFO 

[Corzine  1989b] 

17.5 

86 

7 

250 

20x10  nm  hybrid 
DFB-DBRRFO 

[Sdiaes  1989] 

Pih  -  threshold  inadiance  (absoited) 
/’ll!  •  threshold  pomp  power  (absorbed) 
(p  -  pulse  lengdi 
1)^- duty  cycle 

*  -  incident  iiradiance  and  power 


Tabic  VI.  Room-Temperature  CW  Threshold  -  Optical  Pumping 


P  iblbW/oB^) 

/•ihlmW] 

Size  bun] 

Sinictme 

Reference 

0.7 

1.5 

200 

HHSSSH 

(Jewell  1989b] 

pih  •  threshold  inatfiance  (absorbed) 

•  threshrM  pump  power  (absorbed) 


Table  VII.  Room  Temperature  Pulsed  Output  Characteristics 


p  (kWAmi^j 

tl  [mW/mA,  %] 

tp  [ns] 

>?p(«) 

Size  [pm] 

SiracnK 

Reference 

0.28 

0.4 

500 

12x12 

[Geels  1990a] 

0.57 

25 

75  0 

8  ran  SQW  iDained 
columnar  plaser 

(Ceels  1990a] 

0.75 

3 

0.16,  12 

20x20 

strained  columnar 
plater 

[Oausen  1990] 

1.4 

4.5 

0.07,  5.0 

100 

I 

200 

0.6  pm  DH-DBR. 

3000  A  Ac  mirror 

(Tu  1990] 

2.7 

2.2 

0.12.  9.4 

9x9 

strained  columnar 
plater 

(Oausen  1990] 

2.7 

3 

0.07,  5.1 

200 

2 

120 

[Wang  1990a] 

2.8 

45 

0.07,  5.2 

200 

0.2 

40x40 

3x8  ran  MQW  proton- 
implanted  strained  plaser 

(Orensiein  1990] 

5.3 

6 

0.12,  8.3 

200 

2 

120 

0.47  pm  DH-DBR 
miiorienied  substrate 

(Wangl990bl 

12.5 

120 

0.11.  7.8 

200 

0.02 

35  0 

3pmDH-IffiR 

[Zinkiewicz  1989] 

14 

11 

0.14.  9.8 

100 

1 

100 

0.6  pm  DH-DBR 

400  A  AO  mirror 

(Tu  1990] 

46.7 

18 

70 

3x8  ran  MQW  strained 
columnar  plaser 

(Jewell  1990b] 

p  ■  power  density 
Pnva.  *  tnaximum  power 
ij  -  overall  efficiency 
tp  •  pulse  length 
rip  •  duty  cycle 


Table  vni.  Room  Temperature  CW  Output  Characteristics 


0.12.  8.3  30  0 


1}  [mWAnA,  %]  I  Size  (pm] 


^  ,  n  i<rti  4x10 nm  GRIN-SCH  proton- 

0.10,  6.9  1S0  .....  (Hisnain  1990] 

implanted  plaser 


OS  pm  etdied-well 
DH-DBR 


10  0  protoev 

impanled  ptaser 


3x8  ran  MQW  strained 
columnar  plaser 


0.21.  14.5  100 


(Tell  1990] 


(Tai  1989b] 


(Lee  1990aJ 


(Lee  1990b] 


(Jewell  1990b] 


(Tell  1990] 


p  -  power  density 
Pmu  ■  maximum  power 
rj  -  overall  efficiency 
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Table  IX.  Room-Temperature  Pulsed  Ouput  Characteristics  •  Optical  Pumping 


;»[kWAan*] 

(p  (ml 

111.1*1 

Siae(|am] 

Sncnm 

RefetcnM 

12.4 

61 

6.1 

a 

lO-fi 

2S0 

20x10  lun  hybrid 
DFB-DBRRK) 

[Sehwi*  1989) 

p  •  ouqwt  power  density 
Pamx  -  msxinuun  power 
1}  -  overall  effidency 
tp  -  pulse  length 
i^-dtt^cyde 


Table  X.  Room-Tempeiatuie  CW  OuQtut  Charactedstics  •  Optical  Pumping 


pDcW/cm*] 

i|(*l 

Size  (tun) 

Sinietute 

Refertoce 

40 

36 

100 

60x10  nm  DBR  RPO 

(Gmirley  19S9*] 

p  •  output  power  density 
Pxtmx  *  maitoum  power 
t)  •  overall  efficiency 


^PERFORMANCE  OF  MICROLASER  VC-SF,I.» 

Strong  interest  in  microlaser  structures  is  to  a  large  extent  propelled  by  their  relatively  easy 
electrical  pumping  and  capability  of  operating  at  low  current  levels.  Originally,  microlasers  were 
fabricated  in  form  of  etched  columns  with  side  walls  exposed  to  external  environment.  While 
this  approach  produces  spectacular  images  [Lee  19S9)  and  allows  for  a  million  of  microlasers  to 
be  processed  on  a  single  wafer  [Jewell  1990aJ,  it  is  certainly  not  optimal  from  the  point  of  view 
of  reducing  the  threshold.  In  addition  to  very  inefficient  heat  dissipation,  surface  recombination 
introduces  a  significant  loss  mechanisiu  for  structures  of  very  small  volume.  In  order  to  protect 
the  etched  columns  from  negative  amibient  influence,  a  buried-mesa  geometry  was  proposed 
[Ceels  1990a],  in  which  the  exposed  surface  is  covered  with  polyimide  (Fig.  5).  Further  im¬ 
provement  of  device  quality  supplemented  by  a  simplified  fabrication  process  occurred  with  in¬ 
troduction  of  planar  ion-implanted  microlasers  (Fig.  6)  [Tai  1989a],  [Tell  1990]. 

If  the  active  region  consists  of  a  strained  InGaAs/GaAs  quantum  well  which  radiates  at  a 
longer  wavelength  than  GaAs,  the  output  beam  can  be  conveniently  collected  through  a  GaAs 
substrate  without  any  necessity  to  etch  a  window.  By  the  same  token,  reabsorption  of  laser 
emission  in  GaAs  layers  forming  part  of  distributed  Bragg  reflectors  can  be  greatly  reduced. 

Electrically  pumped  VC-SELs  often  suffer  from  increased  threshold  voltages  caused  by 
high  series  resistance  of  DBR  reflectors,  especially  in  the  p-type  doping  case.  Special  precau¬ 
tions  need  to  be  taken  to  reduce  excessive  voltage  drop  at  interfaces.  An  effective  way  to  re¬ 
duce  height  of  barriers  formed  at  abrupt  interfaces  is  to  utilize  either  short-period  superlattices 
with  gradually  changing  composition  [Geels  199ba],  [Tai  1990a]  or  "staircase”  DBRs  with  addi¬ 
tional  intermediate  bandgap  layers  [Tai  1990a].  The  specific  series  resistance  of  conventional  10- 
period  p-type  GaAs/Alo.7Gao.sAs  DBRs  (~7xl0**  0cm*)  can  be  reduced  by  as  much  as  two  or¬ 
ders  of  magnitude  by  introducing  staircase  DBRs  (6.2x10'*  0cm*)  or  superlattice  DBRs  (8.5x10** 
0cm*)  [Tai  1990a].  Even  though  peak  reflectivity  of  staircase  or  superlattice  DBRs  is  slightly  re- 


duced  compared  to  quarter-wave  DBRs,  it  is  clear  that  even  with  one  or  two  extra  periods  com¬ 
pensating  for  smaller  reflectivity  the  series  resistance  will  still  remain  very  low.  Staircase  p-type 
DBRs  have  helped  to.  reduce  threshold  voltages  in  gain-guided  proton-implanted  microlasers 
from  7-8  V  to  3.7-4.2  V  [Lee  1990cl. 

The  highest  reported  cw  output  power  from  planar  microlasers  is  1.5  mW  for  lO-^m 
diameter  GaAs/AlGaAs  devices  with  four-quantum- well  active  region  and  over  3  mW  for  30- 
fim  diameter  devices  [Tell  1990].  It  is  important  to  note  that  although  the  emitting  surface  was 
increased  ninefold,  only  twofold  increase  of  the  output  power  was  achieved.  This  is  a  clear  in¬ 
dication  that  the  cw  output  was  thermally  limited  and  that  the  thermal  problems  deteriorate 
with  increasing  device  diameter.  The  highest  reported  output  power  from  columnar  microlasers 
does  not  exceed  300  pW  for  a  7-/im  diameter  device  with  strained  quantum  well  InGaAs/ 
AlGaAs  active  region  [Jewell  1990b]. 

Suitability  of  microlasers  for  fiber-optic  applications  has  been  demonstrated.  Two-dimen¬ 
sional  Gaussian-like  transverse  mode  far  field  allow  for  much  more  efficient  coupling  into  op¬ 
tical  fibers  than  for  conventional  edge-emitting  lasers.  50%  butt  coupling  efficiency  was  mea¬ 
sured  for  8-/im  core  standard  silica  fibers  with  flat  cleaved  ends,  and  as  much  as  90%  was 
achieved  for  fibers  with  etched  lens-like  ends  [Tai  1990b].  This  is  the  highest  coupling  effi¬ 
ciency  ever  reported  for  any  diode  laser.  The  best  results  obtained  for  edge-emitting  lasers  are 
in  the  range  of  40-50%  [Hillerich  1988].  Single- wavelength  output  with  more  than  50  dB  side 
mode  suppression  ^.itio  (again  the  highest  ever  reported),  combined  with  3-dB  bandwidth  ex¬ 
ceeding  5  GHz  fHask^ain  1990]  clearly  show  that  microlasers  have  reached  the  level  of  perfor¬ 
mance  sufficient  for  first  optical  communication  experiments  to  be  attempted. 

Coherent  two-dimensional  arrays  of  microlasers  have  been  fabricated.  Provided  the  size  of 
individual  emitters  and  their  separation  is  sufficiently  small,  it  is  possible  to  maintain  strong 
optical  coupling  between  array  elements.  A  phase-locked  array  comprised  of  160  columnar  mi¬ 
crolasers  of  1.3-iim  diameter  separated  by  less  than  0.1  pm  has  been  demonstrated  [Yoo  1990a]. 


6.  PERFORMANCE  OF  RPG  VC-SELs 

In  parallel  to  microlasers,  resonant-periodic-gain  (RPG)  structures  have  been  pursued 
[Geels  1988],  [Raja  1988a],  [Raja  1988b],  [Raja  1988c].  Both  designs  achieve  gain  enhancement 
in  the  vertical  direction  by  aligning  the  active  regions  with  the  maxima  of  the  longitudinal 
mode  pattern  at  the  designed  wavelength,  thus  avoiding  pumping  the  regions  around  the  nulls  of 
the  standing  wave.  By  the  same  token  emission  at  non-resonant  wavelengths  is  suppressed,  and 
parasitic  amplified  spontaneous  emission  is  reduced.  Compared  to  microlasers,  RPG  structures 
carry  a  promise  of  generating  higher  output  powers,  by  virtue  of  extended  thickness  of  the  ac¬ 
tive  material.  The  alignment  of  peaks  of  an  optical  standing  wave  with  quantum-well  active 
layers  leads  to  a  significant  reduction  of  the  threshold  current  and  additional  enhancement  of 
the  maximum  output  power. 

For  VC-SELs,  the  total  thickness  of  the  device  is  of  primary  concern,  since  apart  from  is¬ 
sues  of  technological  complexity  and  cost  it  also  affects  the  ability  to  pump  uniformly  the  de¬ 
vice.  First  RPG  structures  were  all  of  DBR  type  (see  Fig.  3),  with  the  total  thickness  signifi¬ 
cantly  larger  than  the  microlaser.  Remarkable  reduction  of  RPG  laser  thickness  can  be  achieved 
by  introducing,  in  analogy  with  edge-emitting  lasers,  a  DFB-RPG  structure  [Mahbobzadeh 
1990],  shown  in  Fig.  4.  The  length  of  a  DFB-type  structure  is  inherently  shorter  than  that  of  a 
DBR  device  with  the  same  reflectivity  of  multilayer  high  reflector,  because  the  amplifying  and 
feedback  sections  overlap  in  the  former  structure  whereas  they  are  separated  in  the  latter  one. 
By  replacing  the  DBR-RPG  design  with  DFB-RPG,  the  total  thickness  of  the  device  can  be  al¬ 
most  halved  without  compromising  the  characteristic  features  of  RPG  active  medium.  Compared 


to  present  DBR-RPG  structures,  the  DFB-RPG  devices  offer  the  advantages  of  considerably 
simpler  fabrication  process,  improved  wavelength  selectivity,  and  strong  discrimination  against 
excitation  of  satellite  longitudinal  modes. 

A  slight  modification  of  the  structure  shown  in  Fig.  4  results  in  a  version  of  DFB-RPG 
VC-SEL  that  resembles  a  microlaser  structure.  Extending  the  length  of  the  phase  shifter  to  a 
full  wave  and  placing  an  additional  active  layer  in  its  center  produces  a  microresonator  sand¬ 
wiched  between  two  DFB  sections,  as  indicated  in  Fig.  7.  Compared  to  a  usual  microlaser 
structure,  considerably  higher  output  power  can  be  obtained  from  the  DFB-RPG  laser,  without 
any  penalty  whatsoever  in  the  total  device  thickness.  It  should  be  noted,  however,  that  the 
DFB-RPG  structure  of  Fig.  4  is  preferable  to  that  of  Fig.  7,  since  the  latter  contains  one 
quantum  well  (symmetric  quantum  well  in  the  center  of  the  phase  shifter)  that  is  different  from 
all  the  remaining  ones. 

So  far,  most  experiments  with  RPG  lasers  involved  optical  pumping  techniques.  However, 
in  order  for  these  devices  to  reach  their  full  application  potential,  it  is  necessary  to  develop  an 
electrical  pumping  scheme.  The  substantial  thickness  of  the  RPG  active  region  makes  it  very 
difficult  to  adopt  the  usual  vertical  pumping  configuration  without  incurring  a  substantial 
penalty  in  threshold  due  to  a  non-uniform  and  inefficient  carrier  injection.  On  the  other  hand, 
transverse-junction  pumping  schemes  do  seem  to  represent  a  better  approach  in  that  long  injec¬ 
tion  paths  can  be  avoided  and  parasitic  pumping  of  Bragg  reflectors  can  be  eliminated.  In  fact, 
the  very  first  electrically  pumped  quasi-cw  room-temperature  operation  of  an  RPG  laser  was 
recently  achieved  by  using  the  transverse- junction  approach  [Schaus  1991). 

While  a  strained-quantum-well  active  region  is  attractive  for  microlasers,  incorporation  of 
strained -layer  materials  in  the  RPG  structures  [Gouriey  1989b]  still  represents  a  significant 
technological  challenge.  Due  to  multiplicity  of  active  layers  their  cumulative  thickness  may 
easily  exceed  the  critical  thickness  for  dislocation-free  accommodation  of  strain,  leading  to  a 
metastable  configuration. 


7.  THERMAL  EFFECTS 

Excessive  heating  of  surface-emitting  lasers  represents  a  major  impediment  preventing 
further  increase  of  their  output  power  and  development  of  densely-packed  two-dimensional 
arrays.  Thermal  power  densities  generated  inside  the  active  region  of  VC-SELs  are  extremely 
high  (Nakwaski  1991b].  This  leads  to  a  substantial  increase  of  temperature  and  a  corresponding 
increase  in  the  threshold  current  density.  The  fact  that  the  first  room-temperature  cw  operation 
of  VC-SELs  was  only  reported  two  years  ago  [Ibaraki  1989],  (Koyama  1989b]  is  mainly  due  to 
difficulties  with  overcoming  the  heating  problems.  The  active-region  temperature  of  the  VC- 
SELs  at  threshold  of  cw  operation  has  been  estimated  to  be  2S-30  *C  higher  than  that  of  the 
substrate  [Tai  1989b].  In  contrast,  the  active-region  heating  near  threshold  in  edge-emitting 
stripe  lasers  does  not  typically  exceed  2-5  *C  [Duda  1979],  [Yano  1981],  (Ito  1981],  [Manning 
1981].  Efficient  heat  dissipation,  along  with  ultra-low  threshold,  is  therefore  critical  for 
applications  requiring  massive  integration.  In  addition,  since  the  operating  lifetime  of  the  device 
decreases  exponentially  with  temperature,  it  is  essential  to  design  lasers  with  consistently  low 
self-heating. 

Thermal  problems  will  be  even  more  pressing  in  arrays  of  VC-SELs,  where  long-range 
thermal  cross-talk  will  have  to  be  avoided.  As  the  technology  of  surface-emitting  lasers  matures, 
optimization  of  their  thermal  properties  will  represent  a  major  task  to  be  solved  in  order  to 
meet  the  requirements  of  massive  integration  necessary  for  optical  processing  applications. 

In  spite  of  their  importance  for  individual  device  performance,  large-scale  integration  ca- 
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Temperature  Increase  fC]  IndcX  Of  RefiaCtion 


A 


Fig.  7.  5^heinatic  illustration  of  layer  struc¬ 
ture,  optical  intensity  distribution,  and 
refractive  index  profile  in  a  DFB-RPG 
analogue  of  microlaser.  Layer  designation 
is  the  same  as  in  Fig.  2. 


Fig.  S.  Temperature  profiles  in  an  etched- 
well  DH  VC-SEL  with  5*>an  radius, 
calculated  using  various  thermal  models. 
The  pumping  current  7  *  30  mA  «  2/ui- 


pabilities,  and  device  reliability,  thermal  effects  in  VC>SELs  received  very  little  attention  so 
far.  The  complexity  of  thermal  problems  in  VC-SELs  may  be  at  least  partially  responsible  for 
this.  In  contrast  to  edge-emitting  diode  lasers,  where  nonradiative  recombination  of  charge  car¬ 
riers  in  the  active  region  is  a  strongly  dominant  heat  source,  surface-emitting  lasers  have  a 
much  more  complicated  distribution  of  heat  sources.  In  addition,  analytical  description  of  heat 
flux  spreading  in  a  cylindrically  symmetric  structure  is  more  complicated  than  in  a  rectangular 
edge-emitting  structure.  Consequently,  self-consistent  solution  of  the  thermal  problem  in  a  VC- 
SEL  represents  a  difficult  computational  task. 

Early  attempts  to  address  thermal  problems  in  VC-SELs  involved  rather  crude  f  pproxima- 
tions.  Kinoshita  et  al.  [Kinoshita  1987]  assumed  a  uniform  heat  source  distribuC'on  i  ^  the  active 
region  and  neglected  the  Joule  heating,  which  in  VC-SELs  plays  a  much  more  important  role 
than  in  edge  emitters.  Baets  [Baets  1988]  treated  heat-spreading  as  cne-d-mensional,  in  addition 
to  uniform  distribution  of  heat  sources.  These  deficiencies  have  been  re.  <oved  in  a  recent  com¬ 
prehensive  treatment  of  thermal  effects  in  etched-well  vertiral-cavity  surface-emitting  lasers, 
featuring  realistic  distribution  of  heat  sources  and  tw.  *^  men:=onal  analysis  of  both  current  and 
heat  spreading  [Nakwaski  1991b].  Fig.  8  illustrates  inaccuracies  in  predicted  temperature  profiles 
that  arise  when  unrealistic  assumptions  are  made.  Particularly  inadeqi  ite  is  the  one-dimensional 
treatment  of  [Baets  1988],  strongly  exaggerating  thermal  problems  by  neglecting  the  lateral  heat 
spreading,  which  in  structures  of  cylindrical  symmetry  is  of  critical  importance.  This  results  in 
errors  as  high  as  220%  in  predicted  temperature  distrib-i  ion  in  the  active  region  [Nakwaski 
1991a].  It  is  also  shown  in  [Nakwaski  1991b]  that  by  simple  technological  means  it  is  possible  to 
ease  severity  of  heating  effects. 

Although  in  principle  excessive  heating  should  be  avoided,  it  is  worthwhile  mentioning  that 
thermal  effects  in  VC-SELs  are  not  always  detrimental.  In  particular,  increased  temperature  in 
the  active  -sgion  produces  thermal  waveguiding  effect  [Nakwaski  1991b]  which  may  be  respon- 
sit’,  for  ced  cw  threshold  currents  in  gain-guided  proton-implanted  microlasers  [Lee 
Pulstd  thresholds  over  two  times  higher  than  in  cw  conditions  were  reported  [Hasnain 

1990]. 

Most  VC-SEL  structures  exhibit  increasing  threshold  current  densities  when  device  diame¬ 
ter  is  reduced  below,  say,  30  ftm.  Large  diameter  lasers  experience  smaller  losses  due  to  diffrac¬ 
tion  and  diffusion,  which  results  in  lower  thresholds.  However,  when  the  diameter  is  too  large, 
the  heating  problems  become  more  important,  since  the  heat  dissipation  becomes  essentially 
one-dimensional.  There  is,  therefore,  a  trade-off  between  reducing  losses  and  maintaining  effi¬ 
cient  heat  sinking,  which  leads  to  optimal  device  size. 


8.  FUTURE  PROSPECTS  AND  CONCLUSIONS 

From  an  energy  standpoint,  replacing  electrical  interconnections  with  optical  elements 
should  in  general  reduce  the  total  operating  energy  for  communications  over  all  but  the  shortest 
intrachip  distances  [Miller  1989].  Small  arrays  of  VC-SELs  should  therefore  be  able  to  accom¬ 
plish  high-speed  communication  between  electronic  chips.  Arrays  of  laser-based  logic  gates  may 
be  used  for  photonic  switching  in  communication  networks  or  for  digital  or  neural  computing. 
In  all  of  these  applications,  it  is  essential  to  minimize  the  threshold  current  for  lasing  operation. 
To  compete  successfully  against  either  electronic  interconnections  or  optical  modulators,  the 
energy  consumed  by  the  laser  per  bit  of  transmitted  information  should  compare  favorably  to 
energy  requirements  of  the  other  sources.  This  translates  to  thresholds  on  the  order  of  100  fiA 
[Jewell  1990a]. 

The  lowest  VC-SEL  room-temperature  cw  threshold  current  reported  to  date  is  0.7  mA  for 
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a  1-itm  square  microlaser  [Geels  1990b].  This  compares  very  well  with  the  lowest  threshold  in 
edge-emitting  lasers  (O.SS  mA),  achieved  by  optimizing  a  GRIN-SCH  (graded-index  separate 
confinement  heterostructure)  structure  containing  a  single  quantum  well  active  region  [Lau 
1988].  Further  progress  should  be  possible,  and  the  goal  of  100  pA  seems  to  be  quite  realistic. 
Improved  passivation  of  sidewalls  in  columnar  microlasers  is  expected  to  reduce  threshold  cur¬ 
rent  in  1-pm  diameter  devices  to  less  than  10  pA  [Jewell  1990b]. 

The  lowest  cw  threshold  current  density  (800  A/cm^)  [Geels  1990a]  reported  for  micro¬ 
cavity  VC-SELs  with  strained  quantum  well  active  regions  is  still  six  times  higher  than  the  best 
result  obtained  in  long-cavity  edge-emitting  structures  (120  A/cm’  [Chen  1990]).  In  addition, 
these  low  values  of  microlaser  threshold  current  densities  have  been  obtained  solely  for  rela¬ 
tively  broad-area  emitters  (~150  pm’),  while  rapid  increase  of  threshold  was  observed  for  small- 
area  (<100  pm’)  devices.  Further  improvement  in  reducing  the  threshold  current  density  will  re¬ 
quire  very  good  quality  of  DBR  mirrors  with  reflectivities  exceeding  99%  combined  with  sup¬ 
pressed  nonradiative  surface  recombination  in  columnar  microlasert  or  minimized  current 
spreading  in  planar  structures. 

The  microlaser  structure,  in  which  the  active  region  coincides  with  an  antinode  of  the 
lasing  mode,  has  the  advantage  of  v^ry  tow  threshold  at  the  expense  of  small  output  power.  On 
the  other  hand,  resonant-periodic-gain  (RPG)  VC-SELs  with  multiple  active  regions  offer  im¬ 
pressively  high  output  powers  and  high  efficiencies.  Consequently,  the  RPG  devices  represent  a 
promising  source  for  high-performance  parallel  networks  with  large  numbers  of  processing  ele¬ 
ments,  where  the  optical  power  requirements  become  more  stringent.  Another  attractive  area  of 
applications  for  high-power  VC-SELs  is  optical  recording. 

Possibility  of  photonic  bandgaps  in  structures  with  three-dimensional  periodicity 
[Yablonovitch  1987]  represents  a  major  attraction  for  VC-SELs  since  it  implies  effective  inhibi¬ 
tion  of  undesirable  spontaneous*  emission.  However,  theoretical  understanding  of  photonic 
bandgaps  needs  to  be  improved  before  such  concept  could  be  seriously  entertained  for  semicon¬ 
ductor  lasers.  It  has  been  recently  shown  [Leung  1990],  [Zhang  1990],  (Ho  1990b]  that  when  the 
vector  nature  of  the  electromagnetic  field  is  included  in  the  analysis  of  fee  structures,  the  gaps 
obtained  in  scalar  calculations  disappear.  At  this  point,  it  is  not  yet  clear  what  conditions  need 
to  be  satisfied  in  order  to  obtain  the  photonics  bandgaps. 

In  summary,  vertical-cavity  surface-emitting  semiconductor  lasers  are  now  at  the  stage  of 
dynamic  developmen'..  Their  architecture  is  ideal  for  many  novel  applications.  At  a  low-power 
end,  such  as  interchip  communication,  microresonator  VC-SELs  with  a  single  quantum  well  ac¬ 
tive  region  are  the  sources  of  choice.  At  a  high-power  end,  corresponding  for  example  to  mas¬ 
sively  parallel  interconnects  or  optical  recording,  highly-efficient  resonant-periodic-gain  struc¬ 
tures  with  multiple  active  regions  offer  the  best  prospects.  Among  the  most  recent  advance¬ 
ments,  a  novel  DFB-RPG  structure  for  vertical-cavity  surface-emitting  lasers  seems  particularly 
promising. 
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A  semiclassical  theory  of  a  resonant  periodic-gain  (half-wave  spatially  periodic-gain  stynenu)  laser  in 
the  context  of  a  semiconductor  medium  is  presented  using  an  oversimplified  picture.  Terms  arise  in  the 
polarization  of  this  periodic-gain  medium  that  lead  to  enhanced  light-matter  interaction,  doubling  the 
gain  coefficient,  and  enhancing  mode-pulling  effects.  Discussion  of  the  physical  processes  is  extended  to 
include  a  comparison  with  the  ring-cavity  correlated-emission  laser,  wUch  also  utilizes  a  periodic-gain 
medium  and  exhibits  a  vanishing  phase  fluctuation  between  the  degenerate  counterpropagating  modes. 

A  simple  physical  picture  of  radiations  from  a  half-wave-periodic,  radiating  dipole  array  illustrates  the 
common  mechanism  and  important  relationship  between  these  lasers. 
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L  INTRODUCTION 


Recent  reports  of  resonant  periodic-gain  (RPG) 
surface-emitting  semiconductor  lasers  [1  -4]  have  created 
a  great  deal  of  interest  because  of  their  potential  applica¬ 
tion  in  optoelectronic  integration  [S],  and  two- 
dimensional  arrays  [6-8]  for  optical  processing.  These 
laser  structures  make  use  of  half-wave-periodic,  thin  sec¬ 
tions  of  gain  m^ium  (e.g.,  GaAs/Al,_,Ga,As  quantum 
weOs)  similar  to  that  proposed  for  a  correlated  emission 
in  a  ring  cavity  [9].  The  concept  of  a  correlated-emission 
laser  (CEL)  was  first  developed  [10]  some  five  years  ago. 
In  addition  to  its  intrinsic  interest  to  quantum  optics,  the 
CEL  holds  promise  for  applications  in  various  areas  of 
fundamental  and  applied  physics,  e.g.,  the  laser  gyro¬ 
scope  [11,12].  Several  detailed  investigations  of  various 
aspects  of  a  CEL  including  linear  [13-16]  and  nonlinear 
theories  [17,18]  have  been  reported.  In  these  devices,  two 
laser  modes  are  coherently  coupled  either  by  preparing  a 
three-level  laser  medium  in  a  coherent  superposition  of 
upper  states  [10]  or  by  using  a  spatially  periodic  gain 
medium  in  a  ring  cavity  [9].  Figure  1(a)  shows  schemati¬ 
cally  a  periodic  gain  medium  CEL  in  a  ring  cavity.  The 
periodic  gain  medium  provides  the  correlation  between 
the  two  degenerate  counterpropagating  waves  in  the  ring 
cavity  by  constructive  interference.  When  the  light  of  a 
mode  is  partially  reflected  from  a  layer  of  the  gain  medi¬ 
um,  constructive  interference  is  achieved  when  the  phase 
of  counterpropagating  mode  matches  that  of  the  reflected 
wave.  Much  of  this  work,  both  theoretical  [13-18]  and 
experimental  [19-24],  has  been  directed  towards  three- 
level  and  two-photon  systems  [IS]. 

In  Pig.  Kb)  the  structure  of  a  RPG  surface-emitting 
laser  with  integrated  epitaxial  mirrors  is  shown  [2S-28] 
where  only  a  few  layers  have  been  illustrated  to  simplify 
the  picture.  A  standing-wave  optical  field  is  shown  in  re¬ 
gistration  with  the  quantum-well  gain  layers.  This  results 
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FIG.  1.  Schematic  representation  of  (a)  a  CEL  in  a  ring  cavi¬ 
ty  and  (b)  a  RPG  surface-emitting  semiconductor  laser.  Both 
laser  structures  incorporate  a  k/2  periodic-gain  medium.  For 
the  CEL  system  this  gain  medium  is  placed  in  a  ring  cavity.  For 
the  RPG  laser,  high  reflectors  iX/A  sUclu  of  AlAs  and 
AI|.,Ga.As)  are  epiuxially  grown  along  with  the  gain  medium 
forming  a  high-Q  Fabry-Perot  cavity. 
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in  an  enhanced  light-matter  interaction.  These  layers  in¬ 
herently  operate  in  a  single  longitudinal  mode  because  of 
the  short  cavity  lengths  and,  hence,  large  free-spectral 
range  compared  to  the  gain  bandwidth.  Although  a 
quantum  theory  of  a  CEL  based  on  a  spatially  periodic 
gain  medium  in  a  ring  cavity  has  been  developed  [29],  the 
analysis  was  directed  towards  noise  quenching  and  the 
enhanced  light-matter  interaction  aspect  (which  is  a  key 
concept  in  RPG  lasers)  was  not  emphasized. 

In  this  paper,  we  present  an  approximate  semiclassical 
theory  of  RPG  lasers  (and  compare  with  CEL),  treating 
the  valence  and  conduction  ban^  of  semiconductors  as  a 
homogeneously  broadened  two-level  system  [30]  where 
the  Fermi-Dirac  distribution  for  the  equilibrium  carrier 
population  is  used  instead  of  Maxwell-Boltzmann  distri¬ 
bution.  The  RPG  semiconductor  medium  is  placed  in  a 
Fabry-Perot  cavity  such  that  standing-wave  optical-field 
interaction  is  enhanced  by  locating  the  thin  sections  of 
the  gain  medium  (quantum  wells)  at  the  antinodes  [1-4]. 
Enhancement  in  the  gain  coefficient  and  contributions  to 
mode-pulling  effects  due  to  the  RPG  structure  are  evalu¬ 
ated.  In  RPG  medium,  amplified  spontaneous  emission 
in  the  directions  transverse  to  the  lasing  axis  is  reduced 
because  of  the  small  overlap  between  optical  field  and 
gain  sections  [3].  It  is  straightforward  to  adapt  the  for¬ 
malism  for  any  two-level  system,  instead  of  two-band 
semiconductors  which  in  reality  are  quite  complex  and 
require  several  approximations. 

Relationships  between  a  ring  cavity  CEL  and  a  Fabry- 
Perot  cavity  RPG  surface-emitting  laser  are  discussed. 
Although  toth  lasers  make  use  of  spatially  half-wave 
periodic-gain  media,  they  differ  in  cavity  feedback  mech¬ 
anism.  In  a  CEL,  the  ring  cavity  does  not  influence  the 
operating  wavelength,  rather  counterpropagating  run¬ 
ning  waves  of  the  same  frequency  interact  with  periodic- 
gain  medium  and  become  correlated  [29].  On  the  other 
hand,  in  RPG  surface-emitting  lasers  [1-4],  the  Fabry- 
Perot  cavity  mode  strongly  affects  the  operating  frequen¬ 
cy  and  influences  [31]  the  interaction  of  the  optical  field 
with  periodic-gain  medium.  A  simple  physical  model, 
based  on  the  radiation  pattern  of  a  periodic  dipole  array, 
demonstrates  that,  not  surprisingly,  common  physical 
processes,  e.g.,  quantum  interference  effects,  govern  the 
behavior  of  both  CEL  and  RPG  lasen. 

The  organization  of  this  paper  is  as  follows;  In  Sec.  II 
we  develop  a  semiclassical  theory  of  RPG  surface- 
emitting  laser,  where  gain  coefficient,  mode  pulling  and 
pushing,  and  saturation  terms  are  derived  following  the 
method  of  R^f.  [32].  In  Sec.  Ill,  the  basic  physical  pro¬ 
cesses  resulting  from  light-matter  interactions  in  RPG 
surface-emitting  lasers  and  CEL  in  a  ring  cavity  are  dis¬ 
cussed.  Common  features  and  differences  between  RPG 
and  CEL  structure  are  identified.  The  relationships  be¬ 
tween  these  laser  systems  are  further  illuminated  by  con¬ 
sidering  the  radiation  pattern  of  a  X /2-spaced  dipole  ar¬ 
ray  in  Sec.  IV.  Finally,  in  Sec.  V,  concluding  remarks 
summarize  the  present  status  of  RPG  lasers  in  the  con¬ 
text  of  semiconductor-based  CEL  in  a  ring  cavity. 

n.  SEMICLASSICAL  THEORY  OF  RPG  LASER 

RPG  surface-emitting  semiconductor  lasers  were  pro¬ 
posed  [I]  and  demonstrated  [1-4]  recently.  Progress  has 
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been  rapid,  and  efficient  cw  operation  under  optical 
pumping  has  been  achieved  [26,27].  A  schematic  of  the 
RPG  structure  is  shown  in  Rg.  1(b);  for  details  of  various 
configurations  Refs.  [1-4,  23,26]  should  be  consulted.  In 
the  following,  an  oversimplified  semiclassical  theory  is 
developed  using  the  density-matrix  formalism. 

The  density-matrix  formalism  [32],  developed  original¬ 
ly  for  a  two-level  system,  has  been  applied  by  several  au¬ 
thors  [30,33-37]  to  the  analysis  of  ^e  linear  and  non¬ 
linear  contributions  to  the  optical  gain  in  semiconductor 
lasers.  The  optical  properties  of  a  semiconductor  are 
mainly  determined  by  the  conduction  and  the  uppermost 
valence  bands.  In  the  case  of  quantum-well  structures, 
the  subband  transitions  with  the  An=0  selection  rule 
dominate.  Physically,  the  dominant  optical  transitions 
are  those  which  involve  an  electron-hole  pair  whose  wave 
functions  have  maximum  spatial  overlap,  i.e.,  an  electron 
in  the  conduction  subband  and  holes  in  the  valence  sub¬ 
bands  having  the  same  quantum  numbers.  This 
simplified  picture  suggests  an  analogy  with  a  two-level 
atomic  system.  A  theoretical  derivation,  as  well  as  a 
geometrical  picture  of  an  equivalent  electronic  dipole  mo¬ 
ment  in  a  direct  band-gap  bulk  semiconductor,  has  been 
given  [33].  The  Bloch  functions  for  electrons  in  the  con¬ 
duction  band  and  holes  in  the  valence  bands  were  used 
for  calculation  of  dipole  matrix  elements.  At  band  edges, 
the  periodic  parts  of  the  electron  and  hole  Bloch  func¬ 
tions  have  5-like  and  P-like  symmetries,  respectively,  and 
light-  and  heavy-hole  wave  Rinctions  are  orthogomd  to 
each  other.  For  quantum  wells,  the  band  gap  increases 
and  the  electron-hole  interaction  is  modified  as  a  result  of 
spatial  localization.  The  dipole  strength  increases  and 
the  degeneracy  between  light-  and  heavy-hole  subbands 
at  if  =0  is  liAed.  For  GaAs/AJ|-;,Ga,As  quantum 
wells,  the  electron-heavy-hole  band  gap  is  smaller  than 
that  of  the  electron-light  bole. 

Here,  density-matrix  equations  for  a  semiconductor, 
similar  to  those  developed  by  Agrawal  [30]  and  Kazari- 
nov,  Henry,  and  Logan  [34],  are  used  to  determine  the 
effects  of  the  RPG  spatial  structure  on  the  linear  gain. 
The  analysis  begins  with  the  relations  between  the  medi¬ 
um  polarization  (driven  by  the  electric  fields)  and  the  aS- 
diagonal  density-matrix  elements  and  proceeds  to  calcu¬ 
late  the  polarization  of  the  semiconductor  medium  inside 
a  Fabry-Perot  cavity  of  total  length  L  (along  the  z  axis) 
following  the  procedure  described  in  Ref.  [32].  Then,  the 
linear  gain  and  frequency  determining  relations  from  the 
self-consistent  laser  theory  are  used  to  show  the  contribu¬ 
tion  of  additional  terms  arising  from  the  spatial  periodici¬ 
ty  of  the  medium. 

As  pointed  out  above,  in  the  density-matrix  approach 
for  semiconductor  lasers,  the  conduction-band  state  |c  ) 
and  the  corresponding  valence-band  state  |u)  participat¬ 
ing'  in  the  hand-to-band  transitions  are  modeled  as  a 
"two-level  system”  analogous  to  that  of  Ref.  [32].  The 
dipole  moment  between  conduction  and  valence  buds  is 
denoted  by  d„  and  an  explicit  calculation  is  carried  out 
following  [33]  except  for  the  quantum  confinement  effeett 
due  to  quantum  weDs.  In  a  semiconductor  medium,  the 
carrier  population  follows  Fermi-Dirac  statistics  (for 
both  the  electron  and  hole  populations  in  their  respective 
bands),  as  contrasted  to  the  two-level  atomic  systems 
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obeying  MaxwcU-BoItzmann  tutistio.  Coulomb  •eflecu, 
carricr<c«rrier  scattering,  and  pbonon  interaction  all  play 
an  important  role  in  establishing  the  Fenni>Dirac  distri* 
)  bution  on  a  subpicosecond  time  scale  and  medium 
behaves  as  a  homogeneously  broadened  system  (38]. 

The  polarization  P{z,t)  caused  by  the  field  E{x,t)  in  a 
medium  along  the  x  axis  can  be  obtained  by  taking  the 
trace  of  the  induced  dipole  moment  d„  with  the  denrity 
matrix  and  summing  over  all  possible  band-to-band  tran*- 
sitions  to,, 

PU,t)=  (1) 


P{z,t)=  f  d'D{a),)[p„{z,tHp^{z,t)]d<o,  (2) 

where  d„  =d^ ~d’  is  taken  as  real  and  Z>(ai, )  is  the  den¬ 
sity  of  states  per  unit  volume;  p„  and  p^  are  the  off- 
diagonal  elements  of  the  density  matrix.  The  polariza¬ 
tion  in  the  medium  in  a  Fabiy-Perot  cavity  can  also  be 
expanded  in  terms  of  complex  amplitudes  and  the  cavity 
eigenmodes  [32], 

P,U) 

F(z,f)=  2 — 5 — exp(-i(v,l +^,)]l/,{z)+c.c.  ,  (3) 

where  P,U)  is  the  complex  amplitude,  v,  the  frequency, 
the  phase,  and  U,(z)  *he  cavity  mode  profile  for  the 
nth-order  mode  of  the  empty  resonator.  The  complex 
amplitude  P^U)  is  obtained  from  Eqs.  (2)  and  (3)  in  the 
rotating-wave  approximation  [32,37], 

F,(t)*^exp[/(v,t+^,)] 

] U:(z)dx  ,  (4) 

where 

jC~J^\U,lx)\^dz 
is  a  normalization  factor. 

To  obtain  P,U),  the  off-diagonal  element  of  the  density 
matrix  p„{x,t)  is  evaluated  by  solving  the  formal  density 
equations  for  a  two-level  or  a  two-band,  i.e.,  for  a  semi¬ 
conductor  laser  [30,33-37]  under  steady-state  conditions. 
We  take  a  special  case  of  a  semiconductor  medium  from 
which  RPO  structure  can  be  fabricated  relatively  easily. 
The  density-matrix  equations  for  a  semiconductor  laser 
are  used  from  Refs.  [30,34],  with  a  simplified  notation  for 
the  components  of pii,t), 

=  -Yt^Ptc -  f'^Pc > . 


(« 

where  the  dot  means  the  time  derivative  and  where  the 
light-matter  mteractitm  is  contained  in  the  term 
Kf,  —  Yf  and  y,  are  intraband  energy  relaxation  rates 
for  the  conduction  and  valence  band,  respectively,  and 
are  connected  to  T |  [32].  Here,  y  is  die  polarization  re¬ 
laxation  rate  (y~'  =  r2  where  Tj  is  the  dipole  dephasbg 
time)  and  to,  is  the  transition  frequency.  and  are 
the  occupation  probabilities  of  electrons  and  holes  in 
quasithermal  equilibrium  and  are  determined  by  quasi- 
Fermi  levels  of  the  conduction  and  valence  bands,  respec¬ 
tively.  The  quasi-Fermi  levels  result  from  the  pump 
source,  e.g.,  optical  or  electrical  pumping.  Spontaneous 
emission  is  not  included  in  this  rimple  modeL  The  light- 
matter  interaction  term  can  be  written  explicitly  as 

K„«-Y2^.t')«»Pl-'t'',»+^,)lU,(x)+c.c.,  (9) 

^  ■ 

where  the  summation  runs  over  all  of  the  optical  modes. 

In  order  to  calculate  the  first-  and  third-order  terms  of 
the  induced  polarization,  Eqs.  (5)-(8)  are  solved  (see  Ap¬ 
pendix)  using  slowly  varying  amplitude  approximation, 
leading  to  rate  equation  approximation.  Contributions  to 
the  linear  gain  coefficient  a,  saturation  parameter  0,  and 
frequency  pulling  and  pushing  terms  are  derived  using 
the  explicit  expression  for  polarization  in  the  self- 
consistency  equations  (32).  For  a  single  longitudinal 
mode  (RPG  laMrs  inherently  operate  at  a  single  longitu¬ 
dinal  mode  because  of  large  mode  spacing  in  the  short 
cavity)  including  only  up  to  third-order  polarization 
terms,  we  find 

£  =  -^£+a  ,  (10a) 


v+d=(l+ - - -  l-^£*  ,  (10b) 

y  a 

where  Cl  and  Q  denote  the  passive  mode  and  “Q”  of  the 
resonator.  Here, 

s\n{k,L,)  vk, 

o-Oo  1 - r-j - cos  29,-Km-l)-^ 

sin(mvk,/k,) 

^  m  sin(irt,/jt,) 

and,  where  Oq  depends  on  quasi-Fermi  levels  p,^  and 
and  polarization  relaxation  rate  y  [see  Appendix,  Eq. 
(A  17b)], 


*  3  d’^Y  Yc+Y,  gp  ,  4  sin(k,£,)  vk,  sin{mvk,/k,) 

*  YcY,  («,-v,)*-f-y*  3  k,L,  msm{vk,/k,) 


1  sin(2*,£,,)  k,  i\n{2mvk,/k,) 

+  -- — — - cos  4®, -f2ir(in  —  1)—  - - - 

3  2k,L,  k,  m  sm(vk,/k,) 
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the  saturation  parameter,  depends  both  on  polarization 
elaxatioo  y  and  intraband  relaxation  rates  Yc  Yt 
tnd  through  Oq  it  also  depends  on  quasi-Fermi  levels 
vhich  take  into  account  interband  relaxations.  Typical- 
y,  large  values  of  y.  10' Vsec  [34,36],  allow  the  use  of  the 
rate-equation  approximation.  In  the  above  expressions, 
k,  —hv/L  with  n  (integer)  that  the  number  of  half  wave¬ 
lengths  in  the  unpumped  cavity  mode  and  L  the  total 
cavity  length,  (  «L)  is  the  thickness  of  an  individual 
quantum-well  gain  section,  k,=2ir/k,  where  k,  is  the 
resonant  wavelength  set  by  the  physical  spacing  of  the 
quantum  wells,  m  is  the  total  numixr  of  quantum  wells, 
and  =  k,«o  where  Oq  “  spacing  of  the  first  quan¬ 
tum  well  from  the  z  =0  end  of  the  resonator.  Here,  Og  is 
the  usual  gain  coefficient  (scaled  appropriately  for  the 
thin-gain  sections)  as  given  in  the  Appendix  (cf.  Eq. 
(A  17b)].  These  equations  show  a  resonance  behavior,  the 
term  jsin(/nirik,/A:,)/[m  sin(irk, /fc,)])  is  just  (  — I )*’■'■' 
for  k,  —k,  and  is  of  order  l/m  for  the  width  of 

the  resonance  scales  inversely  as  the  number  of  quantum 
wells.  This  behavior  has  been  discussed  previously  for 
RPG  lasers  [3].  Additional  insight  can  be  gained  into 
these  equations  by  considering  the  resonance  case  n  ~m, 
k^=k,,  and  =ir/2.  Under  these  conditions, 
cm[2f>,  -Km  - 1  )irk.  A, ]-►(  - 1 )"  and  Eqs.  (1 1)  simpli¬ 
fy  to 


sin(k,L,) 


and 


P- 


\+- 

1 

! 

3  d'^Y  1 

Yc  +  Y,  1 

«0 

8 

1 

r,r. 

{<a,  -v)*  +  y* 

sinik^L,)  _  1  sin(2k,L,) 

X 

‘^3 

3  2k,L, 

(12a) 


(12b) 


For  k,L, « I,  which  is  the  case  for  quantum-well  struc¬ 
tures,  the  gain  is  doubled  on  resonance  and  the  saturation 
parameter  is  increased  by  a  factor  of  |. 

For  an  insight  into  the  modal  frequency  behavior,  we 
neglect  i.e.,  ignore  dispersion  effects  [32,36],  and  write 
the  equation 

ll(a -/?£*)  .  (13) 

r 

When  the  term  is  small,  we  find  that  mode  pulling  is 
increased  for  RPG  lasers  (compared  to  the  conventional 
uniform  gain  medium  lasers)  because  of  gain  enhance¬ 
ment. 

Equation  (13)  can  be  recast  as 


v= 


n+Sw, 

~T+J”  ’ 


(14) 


where 

5_  .  (15) 

y 

5  is  the  stability  factor.  From  Eq.  (14)  it  is  seen  that  the 
laser  frequency  v  is  a  weighted  average  of  passive  cavity 


mode  frequency  fl  and  medium  frequency  with 
weighting  factors  unity  and  S,  respectively.  For  5  « 1 
the  laser  frequency  approaches  A,  and  with  S»l  the 
operating  frequency  is  “pulled**  towards  the  medium  fre¬ 
quency,  especially  in  the  case  of  a  poor  cavity  Q,  vso,. 

In  the  steady-state  case,  Eq.  (10a)  gives 

which  leads  to  a  stability  factor 

S=v/2Qy  (16b) 

and 


yn+(v/2C)a), 

- 

which  is  the  same  as  for  the  uniform  gain  medium  lasers 
[32].  From  this  result,  it  is  apparent  that  for  low-^  cavi¬ 
ties,  i.e.,  v/2C»y,  the  operating  frequency  v  ap¬ 
proaches  a,,  the  medium  frequency,  and  in  case  of  high- 
Q  cavities  v/2Q  «y,  the  laser  frequency  v  approaches 
n,  the  cavity  mode. 


IlL  PHYSICAL  PROCESSES  IN  RPG 
AND  CEL  LASERS 

In  this  section,  the  fundamental  processes  resulting 
from  enhanced  light-matter  interaction  in  RPG-based 
surface-emitting  lasers  [1-4,25-28]  and  a  ring-cavity 
CEL  [9,29]  are  discussed.  The  theory  of  correlated  emis¬ 
sion  in  the  periodic-gain  medium  in  a  ring  cavity  was 
developed  by  Krause  and  Scully  [29]  using  a  fully 
quantum-mechanical  treatment,  where  various  «.oeffi- 
cients  for  linear  gain  [a,j)  and  nonlinear  terms  IPij.^iu^) 
were  derived.  A  complete  quantum-mechanical  formula¬ 
tion  of  the  CEL  problem  was  most  appropriate  to  analyze 
the  correlation  of  spontaneous  emission  which  arises 
from  the  cross  coupling  of  counterpropagating  modes  in 
the  periodic-gain  medium  of  a  ring  cavity.  On  the  other 
hand,  while  considering  a  RPG  medium  in  a  Fabry-Perot 
cavity,  the  electromagnetic  fields  can  be  described  classi¬ 
cally  and  a  semiclassical  laser  theory  described  in  Sec.  II 
is  sufficient  to  explain  the  results  and  predict  the  behav¬ 
ior. 

Since  both  the  ring-cavity  CEL  [9]  and  RPG  surface- 
emitting  [1-4]  lasers  (in  a  Fabry-Perot  resonator)  utilize 
half-wave  spatially  periodic-gain  medium,  it  is 
worthwhile  to  compare  the  fundamental  principles  in¬ 
volved  in  noise  quenching  via  correlated  spontaneous 
emission,  and  enhanced  gain  and  satuiation  coefficients. 
The  fundamental  linewidth  of  laser  radiation  is  due  to 
spontaneous  emission  events  in  the  lasing  medium.  In  an 
atomic  medium  laser,  this  leads  to  the  well-known 
Schawlow-Townes  linewidth.  In  semiconductor  devices, 
the  strong  coupling  between  the  gain  and  the  electronic 
contribution  to  the  refractive  index  gives  rise  to  substan¬ 
tia)  increases  in  this  linewidth  [39-41].  The  linewidth  in 
a  RPG  surface-emitting  laser  is  as  yet  an  open  question. 
In  the  present  discussion,  we  treat  the  problem  as  if  it 
were  a  striated  gain  medium  of  independent  oscillators 
'  and  quote  the  results  from  the  CEL  calculations  [29]  for 
the  diffusion  coefficient  of  the  relative  phase  angle  D{$) 
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between  the  two  degenerate  counterpropagating  modes  in 
the  ring  cavity: 

D(fl)=(4p*)"'(oii+Oa-2ai|COS^) 

where  Ofj  and  saturation  coefficients, 

p  denotes  the  average  number  of  photons  in  each  mode, 
and  ^=8+(V|— Vjh  where  the  subscripts  refer  to  the 
two  counterpropagating  modes  in  the  ring  cavity. 

In  order  to  achieve  noise  quenching  between  the  two 
modes,  the  diffusion  coefficient  D{$)  should  vanish.  This 
can  be  achieved  when  all  gain  and  saturation  coefficients 
become  equal,  i.e.,  Oji=ota=Cij=fl  and 

diffusion  coefficient  will 
1  vanish  provided  ^=0  or  nonlinear  saturation  effects  lead 

to  D(.0)=O.  The  equality  of  various  coefficients  and 
A/;*-  can  be  achieved  by  interference  of  two  counterpro¬ 
pagating  modes  in  a  ring  cavity  at  the  thin  sections  of  a 
periodic-gain  medium. 

To  show  the  role  of  periodic-gain  medium,  we  repro¬ 
duce  the  expressions  for  a,y  and  0ij.km  from  Ref.  [29]  in 
original  notation: 

aysao/*^n(i)«i(2)«/(2)d2  (19) 


um  can  provide  twice  the  gain  but  it  also  saturates  at 
lower  intensities.  It  is  interesting  to  note  that  the  linear 
gain  and  saturation  coefficients,  i.e.,  Eqs.  (12a)  and  (12b) 
can  also  be  derived  from  Eqs.  (19)  and  (20)  simply  using 
Ujix)  as  Fabry-Pirot  mode  functions  for  etc. 

For  the  frequency  behavior  of  RPG  lasers,  Eq.  (13)  of 
Sec.  II  predicts  strong  mode-pulling  effects  which  should 
lead  to  a  stable  frequency  operation.  The  nonlinear  satu¬ 
ration  term,  however,  counteracts  at  high  intensities  and 
reduces  the  stability  factor  given  in  Eq.  (IS).  It  is  in¬ 
teresting  to  note  that  the  steady-state  modal  frequency 
behavior  of  the  RPG  laser  under  saturation  conditions 
approaches  that  of  a  uniform  medium  laser.  However, 
under  pulsed  and  modulated  conditions,  RPG  would  ex¬ 
hibit  highly  stable  frequency  operation. 

IV.  RADIATION  PATTERN 
OP  A  PERIODIC  DIPOLE  ARRAY 

Insight  into  the  common  physics  underlying  the  behav¬ 
ior  of  both  RPG  and  CEL  lasers  can  be  gained  by  consid¬ 
ering  the  radiation  patterns  associated  with  a  three- 
dimensional  periodic  radiating  dipole  array.  Assume,  as 
in  Fig.  2,  an  array  of  dipole  oscillators  with  equal  dipole 
moments,  p  =pey,  aligned  in  the  z  direction  and  located 
by  the  position  vectors 


and 


where  Uiiz)  are  normal  mode  functions  and  n  (z)  is  linear 
density  of  gain  medium.  For  traveling  waves  in  a  ring 
cavity  the  normal  mode  functions  can  be  expressed  as 

U|(x)»exp(ihz),  U2(s)«exp(-ilc2)  .  (21) 

It  is  easy  to  show  that  with  spatially  periodic  n  iz)  with 
z=Jir/k,  i.e.,  (y'X/2)  periodicity  with  j  an  integer,  the 
diffusion  coefficient  vanishes,  whereas  for  a  uniform  gain 
medium  with  n(z)=no  (constant)  it  docs  not.  It  is  im¬ 
portant  to  note  that  the  ring  cavity  does  not  influence  the 
u«ng  frequency;  rather  the  periodic-gain  medium  pro¬ 
vides  a  constructive  interference  between  the  propagating 
modes. 

On  the  other  hand,  in  RPG  surface-emitting  lasers  the 
Fabry-Perot  cavity  plays  an  important  role  [3lj.  The 
Fabry-Perot  cavity  formed  by  the  integrated  multilayer 
high  reflectors  around  a  4-S-^m-thick  RPG  semiconduc- 
tov  provides  a  standing-wave  optical  field.  The  antinodes 
of  the  standing-wave  optical  field  must  be  in  registration 
with  the  thin  sections  of  gain  medium  (i.e.,  quantum 
wells)  for  an  optimal  interaction  between  the  light  and  ac- 
t'  -  material.  Also,  the  short  cavity  length  and  conse- 
qi.  .nt  large  longitudinal  mode  spacing  leads  to  single  lon- 
g  .udinal  mode  operation  of  such  microlasers.  As  seen 
from  Eqs.  (I2a)  and  (I2b)  in  Sec.  II,  additional  terms  arise 
in  both  the  linear  gain  and  nonlinear  saturation 
coefficienU  as  a  result  of  the  k/2  periodic  medium.  The 
Ailing  factor  (L,  A,)  in  Eq.  (AlTb)  in  the  Appendix  sim¬ 
ply  indicates  that  the  '.ain  is  proportional  to  the  cumula¬ 
tive  thickness  of  the  active  medium.  Compared  to  uni¬ 
form  f««"  medium  of  the  same  total  length,  RPG  medi¬ 


r=  2 <22) 

J 

where  the  Oj  are  the  unit-cell  distances  in  the  tj  direc- 


*. 


FIG.  2.  A  periodic  dipole  array.  AH  of  (he  dipoles  are  orient¬ 
ed  in  the  z  direction  and  spaced  by  Oi,  «],  and  U]  along  the 
coordinate  axes,  respectively. 
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tk>ns  and  my  are  integers.  The  radiated  power  from  this 
array  is  simply  given  by  [42] 


[y-i  [«y»ui(yy/2)  J 


where 


yi  =  Jka|Sin(0)cos(9)+/3i  . 
Y 2= ka 2Sia{dysMq;>)+ Pi  , 


standing-wave  pattern,  even  in  the  absence  of  a  Fab^- 
Perot  cavity  .  11.1$  also  results  in  the  elimination  of  spon¬ 
taneous  emission  fluctuations  in  the  phase  between  the 
two  counterpropagating  modes  in  a  CCEL,ruig  cavity.  A 
photon  spontaneously  emitted  into,  say,  the  forward 
direction  gives  rise  to  amplified  spontaneous  emission  and 
fluctuations  in  both  the  amplitude  and  phase  o{  the  radia¬ 
tion  in  the  forward  and  backward  propagating  modes  be¬ 
come  correlated.  On  the  X/2  resonance,  precisely  the 
same  fluctuation  occurs  for  the  counterpropagating 


yj=kajCos(d)+/?3 , 


and  k  ~a>/c,  ny  is  the  number  of  oscillators  in  the  yth 
direction,  Pj  is  the  phase  shift  between  adjacent  oscilla¬ 
tors  in  the  jih  direction,  and  So=(p/2ireo)^  is  the  radia¬ 
tion  intensity  of  a  single  oscillator.  Note  the  similarity 
between  the  structure  of  this  equation  and  the  equation 
for  the  gain  in  the  RPG  structure  derived  earlier  [cf.  Eq. 
(11a)]. 

For  stimulated  emission,  the  phase  relationships  be¬ 
tween  these  oscillators  are  simply  set  by  the  distances  Oj 
and  the  propagation  direction  of  the  initial  plane  wave. 
For  an  incident  wave  propagating  in  the  xy  plane  at  an 
angle  of  ^  to  the  x  axis  and  polarized  in  the  z  direction, 
the  phase  shifts  are  Pt=kaiCos(if>),  ^=k02sin(^),  and 
Pi^O.  Thus,  in  the  equatorial  xy  plane  the  expression  for 
the  radiated  power  simplifies  to 


5“(H|n2nj  PSq 


sin*(niyi/2)  $in*(n2y2/i) 
iiiSin*(y|/2)  (i|sin*(y2/2) 


(24) 


with 

Y 1= ka  i[cosi<p)-~coslil/)] 


and 


y2=*fl2lsin(f>)— sin(^)]  . 

Figure  3  shows  the  angular  distribution  of  the  radia¬ 
tion  from  an  ensemble  of  32(x)X  ]00(y)X  lOCHz)  oscilla¬ 
tors  with  phases  determined  by  an  incident  wave  travel¬ 
ing  along  the  x  axis  from  the  left  (0~O)  with 
02=^3  — 1 /(40k);  the  values  for  koi  are  shown.  These 
angular  distributions  have  been  normalized  by 
((HiHjIIjI^So]'*,  i.e.,  the  radiation  in  the  forward  direc¬ 
tion  as  a  result  of  the  coherent  addition  of  the  fields  from 
all  the  dipoles,  is  (fl|n2n3)*  more  intense  than  the  radia¬ 
tion  from  a  single  dipole.  The  important  point  to  note  is 
that' the  radiation  intensity  in  the  backward  direction  is 
equal  to  that  in  the  forward  direction  for  a  half-wave 
periodic  structure  (top).  Deviations  from  this  periodicity 
lead  to  a  suppression  of  the  backward  radiation.  Ctf 
course,  the  sensitivity  of  the  backward  radiation  to  the 
periodicity,  or  equivalently  the  wavelength,  scales  in¬ 
versely  as  n|.  For  increased  n2  the  angular  spread  of  the 
lobes  is  reduced,  but  the  intensities  in  the  forward  and 
backward  directions  are  unchanged.  The  radiation  pat¬ 
tern  in  the  equatorial  plane  is  independent  of  R]. 

This  backward  radiation  is  a  manifestation  of  the 
factor-of-2  enhancement  of  the  gain  in  the  RPO  struc¬ 
ture.  The  radiated  fields  add  coherently  to  both  forward 
and  backward  waves,  i.e.,  they  couple  optimally  to  a 


FIG.  3.  Angular  radiation  pattern  in  the  equitorial  xy  plane 
for  a  periodic  array  of  32(x)X  100(y)X  lOOCz)  dipoles.  The  di¬ 
poles  are  closely  spaced  (A/40)  in  the  y  and  z  directions.  The 
spacing  in  the  x  direction  is  given  in  each  segment.  The  relative 
phases  have  been  adjusted  to  correspond  to  excitation  by  a 
plane  wave  incident  from  the  x  direction.  Note  that  for  a  A/2 
spacing,  (a)  the  radiation  pattern  is  twofold  symmetric  with 
equal  intensities  in  both  the  forward  and  backward  directions. 
Away  from  the  A/2  condition,  (b)  and  (c),  the  backward  radia¬ 
tion  decreases  dramatKally.  This  symmetry  is  responsible  both 
for  the  suppression  of  noise  fluctuations  in  a  CEL  and  the  gain 
enhancement  in  RPG  lasers. 
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waves  as  a  result  of  the  bidirectional  radiation  (and  gain) 
pattern.  Off-resonance,  and  in  particular  for  a  homo¬ 
geneous  gain  medium,  this  relationship  is  not  preserved 
and  the  amplified  spontaneous  emission  phase  fiuctua- 
tions  for  counterpropagating  waves  are  uncorrelated. 

V.  CONCXUDDJG  REMARKS 

Before  concluding,  we  summarize  the  present  experi¬ 
mental  status  of  RPG  lasers  and  initial  trial  experiments 
using  RPG  medium  in  a  ring  cavity.  Since  the  first 
demonstration  of  optically  pumped  RPG  lasers  [1  -4],  a 
great  deal  of  progress  has  bMn  made  and  cw  operation  of 
these  laser  structures  has  been  achieved.  Recently,  high- 
efficiency  (>45%),  narrow-linewidth  (~0.025  nm)  cw 
lasing  at  room  temperature  has  been  demonstrated 
both  in  the  GaAs/Al|_j|Ga,As-  [26,27]  and 
Ini_,Ga,As/Al,_j,Gaj,As-based  RPG  structures.  The 
ln,_,Ga,As/Al|_,Ga,As  material  system  is  very 
promising  for  the  ring-cavity  CEL,  because  the  GaAs 
substrate  is  transparent  at  the  lasing  wavelengths.  RPG 
structures  with  20-period  8-nm-thick  Ino.2Gao.1As  quan¬ 
tum  wells  and  Alo.2Gao.,As  half-wave  spacers 
sandwiched  between  Aloi25G>o.75As/AlAs  integrated 
multilayer  high-reflectors,  all  fabricated  in  a  single 
metal-organic  chemical-vapor  deposition  growth  cycle, 
have  delivered  ~40-mW  cw  power  at  ~  930-940  nm  at 
room  temperature.  Single-ended  power  efficiencies 
>  43%  for  optical  pumping  at  740  nm  have  been  demon¬ 
strated.  Based  on  these  results,  we  have  grown  RPG 
structures  with  40  and  60  periods  of  8-nm-thick 
Ino.2G*o.|A.s  quantum  wells  and  Alo.2Gao.tA$  half-wave 
spacers  on  GaAs  substrates  with  both  sides  polished.  Ini¬ 
tial  photoluminescence  studies  show  intense  radiation 
centered  around  ~930  nm  with  an  anisotropic  distribu¬ 
tion  in  a  narrow  angle  rather  than  a  uniform  photo¬ 
luminescence  (PL)  from  a  Lambertian  source.  This  direc¬ 
tionality  of  amplified  spontaneous  emission  is  consistent 
with  the  calculations  in  Sec.  IV.  However,  to  use  these 
In|_,Ga,As  structures  in  CEL  ring  cavity,  an 
antireflection  coating  (reflectivity  -~0.l%)  is  required  be¬ 
cause  of  high  Fresnel  reflectivity  of  Al|_j,Ga,As  and 
GaAs  surfaces  (~30%)  and  it  is  very  difficult  to  use 
these  high-index  materials  (n  =3.40-3.64)  at  very  large 
Brewster’s  angles. 

In  conclusion,  we  have  developed  a  semiclassical 
theory  for  resonant  periodic  gain  lasers  using  the  particu¬ 
lar  case  of  the  surface-emitting  semiconductor  lasers. 
The  theory  based  on  a  simple  two-band  model  analogous 
to  the  two-level  atomic  system  predicts  the  gain  enhance¬ 
ment  and  frequency  selectivity  in  the  resonant  periodic- 
gain  laser.  The  common  physics  of  the  resonant 
periodic-gain  medium  and  correlated  emission  ring  cavity 
laser  is  also  discussed. 
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APPENDIX 


The  solution  of  the  density-matrix  equations  is  carried 
out  using  a  perturbative  procedure  [32],  starting  from  a 
formal  integration  of  Eq.  (7)  over  the  time  interval  from 
—  00  to  r  (which  includes  all  the  contributions  to  the  po¬ 
larization  up  to  the  time  r).  The  analytic  evaluation  is 
carried  out  in  the  rate  equation  approximation  [32]  which 
makes  the  assumptions  that  the  population  difference 
ipa~p„)  and  other  quantities  d.i  d',  and  £,(r)  do  not 
vary  appreciably  in  a  time  period  y~'  (dipole  dephasing 
time  7'2).  For  simplification,  only  a  single-mode  interac¬ 
tion  is  considered  such  that  only  the  nth  mode  terms  sit 
used  from  Eq.  (9)  of  Sec.  II.  The  following  expression  is 
obtained  forp„: 


Pen  2^  ^Pet  Pto  ^ 


exp[-i(v.t-fd.)] 

y-f/(a),-v,) 


(Al) 


Substitution  of  Eq.  (Al)  for  p„,  and  using  p^—p^  and 
V„  =  in  Eqs.  (5)  and  (6)  yields 


Pet  Ye^Pec  Ptc^  ^^Pet  Pm^  » 
~Y  v^Pm~Pm^'^  ^^Pec~Pm^' 


where 


R=-^£ilU,(z)|» 


r*+(<u,-v,)»  ‘ 


(A2) 

(A3) 

(A4) 


In  a  steady-state  case  the  rate  equations  for  carriers,  i.e., 
p„  and  p^  for  electrons  and  holes,  respectively,  Eqs.  (A2) 
and  (A3)  give 


_  _  Per  Pm 

Pet  Pvt- 


(A5) 


where 


K=Ycrv^^rt-^Y,'^  • 


Substituting  this  in  Eq.  (Al)  and  then  the  resulting  eX' 
pression  for  p„  into  Eq.  (4)  leads  to 


P,(r)=(-i/£fl)/^7 


f)(<u,)d’ »£,(/) 
Y  +  Hci,—Vg) 


(A6) 

An  exact  evaluation  of  the  integral  over  is  difficult  be¬ 
cause  R  also  involves  terms  containing  (<u,— v, ).  How¬ 
ever  a  simplification  is  possible  from  the  consideration 
that  only  those  transition  frequencies  are  effective  in  the 
polarization  which  are  nearly  resonant  with  the  optical 
mode  V,  in  the  cavity.  This  amounts  to  including  a 
modified  density  of  states  in  the  interval  Aw  of  interest; 
so  i>(a>,)Aw  is  replaced  with  D{tt)  (number  of  states  in 
the  spectral  interval  Aw)  resulting  in 
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(<»,-v,)+iy  D(o) 
(®,-v,)*+y*  -C* 

Pee  ~Pi 


X  .  (A7) 


This  relation  is  the  same  u  that  found  for  gas  lasers  [32]. 
To  evaluate  the  integral  in  (AT)  the  usual  procedure  is  to 
expand  (l+R/E,)~'  under  the  assumption  that  £,((), 
the  field  amplitude,  is  small,  and  hence  R  is  much  smaller 
than  the  saturation  parameter  R,.  Therefore,  we  give 
here  only  up  to  third-order  polarization  terms  explicitly. 


1 


D(o) 


i»,(»)=-7 - ^ - 

(«,— V,)— ly  Xfi 


d*  -p^  )|  i;,(z)pdz  -  /  ‘-d’  *£,(r) 


Ip„-P^)R 

it. 


|U,(z)l*dz 


(AS) 


where  the  ellipsis  represents  higher-order  terms,  or  ignoring  higher-order  terms, 

/»,(!)«  “7 - . 

(<a,-v,)-iy  JLR 

Consider  the  first  integral  I  ^  in  Eq.  (AS).  In  the  RPG  medium,  thin>gain  sections  (quantum  wells)  are  spaced  at  half¬ 
wave  intervals.  The  Fabry-Perot  cavity  modes  are  represented  by  l/,(r)=sinJk,z  where  k,~nv/L.  Since  only  the 
quantum-well  region  provides  the  gain,  i.e.,  (p„  ~p„)^0  only  in  these  regions,  the  integral  over  the  cavity  length  can 
be  divided  into  n  integrals  each  extending  over  the  quantum-well  thickness  in  each  half-wave  section  with  appropriate 
phase  correlation  between  integrals.  Thus, 

vim  —  1 )  i't 


m 

1 

t 

flo+ 


k. 


—II. 


.  vim  —1)  .  i't 

T 


dz 


iM) 


Here  w,  are  unit  step  functions,  k,=2v/X,  where  X,  is  the  half-wave  resonance  set  by  the  structure,  is  the  distance 
from  the  edge  of  the  cavity  (z  =0)  to  the  center  of  the  first  quantum  well,  and  m  is  the  number  of  quantum  wells  of 
thickness  L,. 

The  transition  dipole  d*  is  approximately  constant  over  the  quantum-well  dimension  and  has  been  pulled  out  the 
integral.  After  some  algebra,  an  analytic  expression  is  derived  for  /{,  viz., 

sin(inirk,/A:.) 


It^d'^Elit)ip„-p^)^ 


sink,Lj 


irk, 

2^,-»-(/n-l)-^ 


m  imivk^/kf) 


(AlO) 


where^,  =k,aQ. 

The  second  integral  1 2  is  similarly  evaluated  using  the  value  of  R  from  Eq.  (A4), 


md’*EAt) 


3L, 


(<tf,-v,)*-f-y^  8 


.  4  sin(k,L,) 

1  — —  — r— : - cos 


3  k,L, 


,  1  sin(2k,L,) 

+  - - rr-^:^ - COS 


k.  I  m  $in(irk,/k.) 


3  2k.L, 


'4f>,  +2irim  —  D-^ 

I 


sin(2mvk,/k,) 


m  sin(2irk,/ik,) 


(All) 


Substituting  Eqs.  (AlO)  and  (All)  for  integral  terms  in 
Eq.  (A8),  the  complex  polarization  PgiO  can  be  written 
up  to  third  order  as 

F,(i)=Pi'’(r)+Fi*'(r) ,  (A12) 

where  the  superscripts  refer  to  the  dependence  of  £,(r). 
Gain  and  lasing  frequency  are  determined  using  the  self- 
consistency  equations  from  the  semiclassical  laser  theory 
[32],  namely. 


ReIF,(/)J . 


(A  14) 


where  Q,  is  the  cavity  Q  and  ft,  is  the  nth  mode  of  the 
cold  cavity.  Using  the  explicit  expression  for  F,(r)  in 
Eqs.  (A13)  and  (A14)  we  find  for  the  single-mode  case. 


— V 
2€o 


Ini[P,(r)} , 


(A13) 


i==-~EHa-0E^)£  , 
v+4=n+— - (a-fiE*), 

r 


(A15) 

(Aid) 


4 


where 
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sinik^Lf) 

0  =  00  ^ - 


k,L, 

%\n(mvk^/k,) 
m  sin(irk,  /k,) 


[2^, -Km  —  1) 


trie. 


with 


Oo= 


vd 


'2 


2«o« 


(A17a) 


and 


d'^Y 

Yr  +  y. 

211 

YeY, 

Oo 


(a),— v)*-i-y’ 


4  sin(A:,L,) 

-T-Tir“* 

1  sin(2*,Z,,) 


2g>g  +(m  —  1) 


sin(mirI;,/A:,) 


irifc, 

|44>,+2(m  -n— 


m  sinlvk^/k,) 
sindmirk^  /k,) 


m  sm{2vk,/kf) 


K 

(A17b) 


(A17c) 
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INTRODUCTION 

During  the  last  three  decades 
trenoendous  progress  has  been  made  in 
the  area  of  semiconductor  injection  laser 
research.  Innovative  laser  structures,  in 
particular  the  double-heterojuncdon, 
have  made  room  temperature  injection 
lasers  a  reality,  and  improvements  in 
materials  growth  have  given 
semiconductor  lasers  greater  reliability, 
longevity  and  better  performance  than 
early  devices.  As  the  technology  has 
grown,  semiconductor  lasers  have  been 
called  upon  to  provide  solutions  to  new 
and  different  engineering  problems,  and 
also  to  provide  alternatives  to  other, 
more  expensive  and/or  inefficient, 
technologies.  One  of  the  major 
engineering  challenges  has  been  to 
produce  high  power  diode  lasers,  which 
operate  in  a  single,  diffraction-limited 
optical  mode.  A  diffraction-limited 
beam  can  be  focused  to  minimum  spot 
size,  and  can  easily  be  coupled  to  other 
optical  components,  with  the  most 
efficient  optical  power  transfer. 
Efficient  energy  transfer  is  essential  for 
waveguide  to  fiber  coupling  and 


long-distance  propagation.  Some  of  the 
applications  for  which  high  power  laser 
diodes  are  needed  are  illumination, 
detonation,  high  speed  optical  printing, 
long-haul  optical  fiber  communications, 
bio-medical  lasers  for  use  in  surgery, 
and  for  pumping  of  solid  state  materials. 
Our  research  has  focused  on  developing 
a  new  method  of  producing  high  power 
sources  which  require  relatively  easy 
processing,  simple  optical  components, 
and  produce  diffraction  limited  output 

• 

THEORY 

The  maximum  optical  power  from  a 
semiconductor  laser  is  determined  by  the 
catastrophic  facet  damage  threshold 
density.  Since  this  limit  is  directly 
related  to  the  emitting  area,  greater 
output  power  can  be  attained  by 
increasing  the  lateral  width  of  the 
pumped  region.  However,  along  with 
higher  output  power,  the  increased  width 
promotes  the  propagation  of  higher 
order  optical  modes  in  the  waveguide. 
Depending  on  the  width  of  the  laser 
stripe,  and  the  level  of  pumping,  it  is 
possible  to  propagate  several  higher 


order  transverse  modes  concurrently. 
Higher  order  optical  modes  must  be 
suppressed  in  order  to  achieve  a 
diffraction-limited  beam. 

To  avoid  the  creation  and  propagation  of 
higher  order  modes,  the  phased  array 
was  developed.  A  laser  array  is  formed 
by  closely  spacing  individual  emitters, 
all  of  which  have  common  electrical 
contacts.  Since  the  emitters  are  very 
closely  spaced,  their  optical  fields  are 
coupled  to  one  another.  However,  in 
general,  adjacent  emitters  produce 
outputs  which  are  180  degrees  out  of 
phase  with  one  another.  Due  to  this  out 
of  phase  condition,  the  far  field  pattern 
produced  by  laser  arrays  is  typically 
double-lobed,  and  hence,  not  diffraction- 
limited. 

Many  schemes  have  been  tried  to  force 
the  fundamental  mode  operation  of  laser 
arrays,  i.e.  chirped  arrays  [1],  Y-stripe 
arrays  [2],  and  leaky  mode  arrays  [3]. 
These  have  had  only  limited  success 
over  a  narrow  injection  range.  More 
recently,  researchers  have  made  use  of 
external  cavity  schemes  to  control  not 
only  the  undesirable  double-lobed  laser 
array  far  field,  but  also  to  suppress 
higher  order  modes  in  a  simple  wide 
stripe  laser  [4,5].  The  experiment 
performed  by  Chang-Hasnain,  et  al.  [4], 
used  an  anti-reflection  (AR)  coated  laser 
array,  coupled  through  a  GRIN  rod  lens 


to  a  stripe  mirror.  The  stripe  mirror  was 
used  to  couple  one  lobe  of  the  far  field 
back  to  the  array  cavity,  and  hence 
reinforce  single  mode  operation.  With 
their  experimental  setup  they  were  able 
to  attain  a  nearly  diffiaction-limited 
fundamental  optical  mode  at  upto  twice 
the  laser  threshold  current 

Our  experiment  employs  a  configuration 
similar  to  that  used  by  Ruff,  et  al.  [S], 
and  is  shown  in  Figure  1.  This 
configuration  allows  a  stable  cavity  to  be 
formed  in  the  transverse  dimension,  as 
shown  in  Figure  la,  and  an  unstable 
cavity  in  the  lateral  dimension,  shown  in 
lb.  To  achieve  the  stable  cavity,  the 
beam  is  collimated  in  the  transverse 
dimension  by  the  first  lens,  it  traverses 
the  length  of  the  cavity  through  the 
second  (cylindrical)  lens,  is  reflected  by 
the  external  mirror,  and  returns  via  both 
of  the  lenses,  to  be  coupled  into  the 
narrow  optical  waveguide  of  the  laser 
diode's  graded  index  region.  The 
cylindrical  lens  has  no  effect  on  the 
beam  in  the  transverse  dimension.  In  the 
lateral  dimension,  the  beam  leaving  the 
semiconductor  gain  medium  is  brought 
to  a  focus  close  to  the  second  surface  of 
the  first  lens  because  of  the  transverse 
collimation,  and  then  diverges  toward 
the  second  lens.  The  cylindrical  lens 
causes  the  beam  to  converge  onto  the 
external  mirror,  where  it  is  reflected 
back  through  the  lens  system.  When  the 


lateral  component  of  the  beam  arrives 
back  at  the  facet  of  the  laser  diode  it  has 
been  magnified,  and  a  portion  of  the 
beam  is  spatially  filtered  by  the  optical 
waveguide  formed  by  the  laser  diode. 
Since  all  of  the  waveguide  modes  form 
an  orthogonal  set,  only  outgoing  and 
returning  modes  of  the  same  order  will 
interfere  with  one  another.  By  adjusting 
the  cavity  such  that  the  outgoing 
fundamental  mode  overlaps  with  the 
returning  fundamental  mode  to  a  greater 
degree  than  higher  order  modes,  the 
fundamental  mode  has  less  cavity  loss, 
or  larger  modal  gain,  and  as  such  will  be 
the  preferential  lasing  mode. 

It  has  long  been  known  that  a  good 
approximation  of  semiconductor  lasing 
modes,  in  each  transverse  dimension,  are 
simple  Gaussian  beams  [6].  For  our 
simple  model,  Gaussian  beam  optics 
were  used  to  calculate  the  beam  waist 
and  the  complex  radius  of  curvature 
within  the  external  cavity  of  the  system 
[7].  Using  this  method  we  were  able  to 
calculate  the  outgoing  and  returning 
beam  parameters  at  the  facet  of  the  laser, 
for  a  variety  of  separations  between 
collimating  lens  and  cylindrical  lens,  and 
between  cylindrical  lens  and  external 
mirror.  Next  analytic  equations  were 
developed  to  calculate  the  overlap  of  the 
outgoing  and  returning  beams,  and  these 
beam  parameters  were  used  in  these 
equations.  A  much  more  complete 


nKtdel  has  been  developed  by  Dente  [8], 
who  included  beam  propagation  within 
the  gain  medium. 

EXPERIMENT 

The  laser  structure  used  in  our  research 
was  a  GRaded  INdex,  Separate 
Confinentent  Heterostructure,  with  a 
Single  Quantum  WeU  (GRINSCH- 
SQW).  A  diagram  of  the  laser  material 
and  band  structure  is  shown  in  Figure  2. 
Using  a  simple  processing  sequence, 
requiring  only  a  single  mask,  lasers 
having  stripe  widths  of  50,  75,  100,  and 
150  were  fabricated.  The  process 
makes  use  of  a  silicon  nitride  layer  to 
define  the  pumped  region.  Processing  of 
these  lasers  was  begun  by  growing  1000 
A  of  Si3N4  onto  the  epitaxial  layers, 

using  standard  LPCVD  technique. 
Photo-resist  was  then  spun  onto  the 
nitride,  a  soft  bake  was  performed,  and 
our  mask  was  used  to  define  the  laser 
stripes.  After  photolithography,  reactive 
ion  etching  (RIE)  using  CF4  was 

employed  to  remove  the  nitride  from  the 
stripe  region,  and  the  photoresist  was 
stripped.  Next,  a  anc  diffusion  was 
performed  to  create  a  p-side  ohmic 
contact,  and  the  wafer  was  metalized  on 
the  p-side,  using  300  A  of  titanium,  300 
A  of  platinum,  and  300  A  of  gold.  The 
wafer  was  then  thinned  and  polished  to  a 
thickness  of  approximately  100  pm. 
After  lapping  and  polishing,  300  A  of 


gold/geimanium,  300  A  of  nickel,  and 
3000  A  of  gold  was  evaporated  to  form 
the  n-side  contact,  and  a  rapid  thermal 
anneal  was  performed  to  produce  n-side 
ohmic  contacts.  Finally,  the  wafer  was 
scribed  and  cleaved  into  bars,  forming 
lasers  having  cavity  lengths  of  250,  375, 
500  and  1000  ^m,  and  each  of  the  bars 
was  scribed  and  cleaved  into  individual 
lasers.  Initial  testing  of  several  of  the 
unbonded  lasers  indicated  threshold 
current  densities  near  300  A/cm^,  and 
differential  quantum  efficiencies 
approaching  80%.  The  completed  lasers 
were  mounted  onto  standard  open  heat 
sinks,  p-side  up;  a  mounted  and  wire 
bonded  device  is  depicted  in  Figure  3. 

One  problem  inherent  to  external  cavity 
systems  is  that  the  laser  diode  cavity  and 
the  external  cavity  compete  for 
dominance.  It  has  been  shown  that  the 
front  facet  reflectivity  of  the  laser  diode 
will  determine  the  maximum  drive 
current  (and  hence  the  maximum  output 
power)  for  which  the  external  cavity  will 
select  the  dominant  noode  [9]. 
Experiments  and  calculations,  have 
determined  that,  in  order  to  maintain  the 
fundamental  mode  at  high  injection 
levels  (3-4  Ij,),  the  front  facet 

reflectivity  should  be  less  than  1%.  Our 
preliminary  experinv^nts  with  uncoated 
lasers  confirmed  this,  and  demonstrated 
that  the  external  cavity  system  would  not 
remain  single  mode  beyond  more  than  a 


few  percent  above  I,^.  Above  these 
current  levels,  the  laser  diode  intrinsic 
facet  reflectivity  dominates,  and  the 
external  cavity  system  reverted  back  to 
multimode  behavior.  To  solve  this 
problem,  the  front  facet  of  the  laser  was 
anti-reflection  (AR)  coated.  Very  good 
AR  coatings  (<1%)  were  achieved,  using 
a  two  layer  V-coat  design.  A  magnetron 
sputtering  technique  was  used  to  sputter 
the  two  layers,  consisting  of  AI2O3  and 
7^2-  Using  the  AR  coated  devices  we 

were  able  to  pump  the  system  to  greater 
than  31^  before  noticeable  changes  in  the 

fundamental  mode  far-fleld  profile 
appeared. 

The  setup  used  in  the  experiment  is 
shown  in  Figure  4.  It  was  designed  so 
that  the  optical  power,  near-field  and 
far-field  could  all  be  monitored  at  the 
same  time.  The  laser  was  pumped  using 
1  (IS  current  pulses,  at  a  duty  cycle  of 
1%.  Optical  power  was  measured  with 
an  integrating  sphere  and  silicon 
photodetector  combination.  The  output 
of  the  photodetector  was  channeled  into 
a  gated  integrator/boxcar  averager,  so 
that  the  average  output  power  versus 
current  could  be  plotted.  To  measure 
the  near-field  profile  of  the  system,  a  slit 
aperture  was  imaged  onto  a  (XD 
camera,  the  slit  was  removed,  and  the 
beam  at  the  image  plane  was  stored  onto 
a  digital  oscilloscope.  From  this  near¬ 
field  image,  the  effective  aperture  of  the 


system,  d,  was  estimated,  using  the  1/e 
criterion  to  determine  the  cut-off  [7]. 
This  measurement  is  depicted  in  Figure 
5.  With  this  estimation,  the  diffraction 
limit  for  a  lateral  beam  component  can 
be  approximated  by  2XR/d,  where  R  is 
the  distance  from  the  near-field  plane  to 
the  plane  of  far-field  best  focus.  With  a 
second  CCD  camera,  the  far-field  of  the 
external  cavity  system,  (i.e.  the  image 
best  focus)  was  stored,  and  the 
calculated  and  measured  far-fields  were 
compared. 

RESULTS: 

Using  our  experimental  setup, 
measurements  at  several  current  levels 
were  taken,  both  with  and  without  the 
cylindrical  lens  in  the  external  cavity. 
Typical  experimental  far-field  data  for  a 
100  pm  stripe  with  a  500  pm  cavity 
length  are  shown  in  Figure  6a&b.  For 
both  Figures  an  arbitrary  power  scale  is 
shown  on  the  vertical  axis.  Figure  6a 
shows  the  diffraction-limited  output 
profile  at  three  different  injection 
currents,  using  the  cylindrical  lens 
within  the  cavity.  The  horizontal  scale 
has  units  of  0.25  mrad/div,  showing  that 
the  majority  of  power  lies  within  0.5 
mrad  for  all  current  levels.  Using  our 
estimate  of  the  near-field  aperture  size, 
the  diffraction  limit  was  calculated  to  be 
0.51  mrad.  Figure  6b  shows  the  far- 
field  measured  without  the  cylindrical 
lens  in  the  cavity.  Far-field 


measurements  without  the  cylindrical 
lens  showed  very  little  change  in  profile 
at  different  injection  levels,  and  hence 
only  a  single  injection  level  is  shown  as 
representative.  The  horizontal  axis  of 
Fig.  6b  is  scaled  at  1.25  mrad/div,  so 
that  the  power  is  distributed  over 
approximately  6.25  mrad,  or  more  than 
10  times  the  angular  divergence  of  the 
external  cavity  without  the  cylindrical 
lens. 

In  Figure  7,  a  plot  of  the  optical  power 
versus  current  (PI)  is  shown  for  the 
system  with  the  cylindrical  lens,  and 
reflects  the  total  power  of  the  system, 
i.e.,  the  sum  of  both  front  mirror  and 
back  facet  emitted  powers.  The  power 
was  measured  without  filtering  outside 
of  the  main  far-field  lobe,  and  therefore 
contains  power  distributed  over  several 
milliradians.  The  usable  power 
contained  in  the  focused,  diffraction 
limited  spot  was  estimated  to  be 
approximately  85%  of  that  shown  in  the 
curve,  for  current  levels  below  750  mA. 
Above  this  current  level,  the  main  lobe 
of  the  far-field  did  not  increase  further, 
and  the  increase  in  optical  power  shown 
in  the  PI  curve  was  distributed  into  the 
side  lobes.  In  addition,  a  comparison  of 
total  power  from  the  solitary  laser, 
measured  before  AR  coating,  and  from 
the  coupled  system,  indicate  a  large 
coupling  loss  occurred  within  the 
external  cavity  system,  with  and  without 


the  cylindrical  lens.  We  have  concluded 
that  the  majority  of  this  loss  came  about 
in  coupling  the  transverse  beam 
component  back  into  the  narrow 
aperture  of  the  laser  diode  waveguide.  It 
may  be  possible  to  alleviate  this  problem 
by  increasing  the  active  layer  thickness 
and  graded  index  region,  or  by  using  an 
asymn^tric  large  optical  cavity  (ALOC) 
structure  for  the  gain  medium. 

CONCLUSIONS  AND  DISCUSSION 
It  has  been  demonstrated  that  wide  stripe 
injection  lasers  can  be  fabricated,  anti¬ 
reflection  coated,  and  coupled  to  an 
external  cavity,  to  produce  high  power, 
diffraction  limited,  optical  beams.  The 
devices  are  easily  fabricated,  using  a 
single  mask  process,  and  packaging/AR 
coating  can  easily  be  performed  using 
well  defined  processes.  A  relatively 
simple  stable/unstable  external  cavity 
configuration  was  employed  to  filter  out 
the  higher  order  transverse  modes  in  the 
lateral  dimension,  to  produce  the 
diffraction  limited  output. 

One  shortcoming  of  our  experimental 
technique  is  the  somewhat  arbitrary 
determination  of  the  "near-field 
aperture"  size  to  calculate  the  diffraction 
limit  of  the  system.  A  more  exact 
measurement  of  the  diffraction  limit  can 
be  made  by  assuming  a  particular  phase 
front  on  the  beam,  and  Fourier 


transforming  the  square  root  of  the 
intensity  profile,  measured  at  the 
aperture,  to  the  measurement  plane.  We 
will  make  use  of  this  method  in  our  next 
set  of  experiments. 

A  variety  of  ideas  for  future 
modifications  and  experiments  have 
been  explored.  As  was  mentioned,  we 
hope  to  attain  better  external  cavity 
coupling  using  an  ALOC.  Preliminary 
results  using  an  ALOC  type  waveguide 
structure,  have  shown  better  coupling 
efficiency  than  the  simple  GRIN-SCH 
waveguide.  AR  and  high-ieflection 
(HR)  coatings  have  been  a  major  area  of 
work.  We  feel  we  can  further  improve 
the  quality  of  the  AR  coatings,  in  order 
to  drive  the  external  cavity  laser  to 
higher  diffraction-limited  output  power. 
Also,  we  can  double  the  forward  output 
power  by  HR  coating  the  back  facet  of 
the  device.  One  of  the  experiments 
which  we  intend  to  conduct  is  that  of 
filtering  the  higher-order  transverse 
modes  using  a  grating  fw  external 
feedback,  and  thus  concurrently,  select  a 
single  longitudinal  mode.  Using  this 
system,  we  can  conduct  other,  more 
important  experiments,  such  as  short 
pulse  generation  by  mode  locking  and 
optical  pumping  of  nonlinear  materials 
for  frequency  doubling. 

ACKNOWLEDGEMENTS 

The  authors  would  like  to  thank  several 


people  who  have  greatly  assisted  in  the 
preparation  of  this  work.  Greg  Dente  of 
the  USAF,  Phillips  Laboratory  (PILOT 
program)  and  Chuck  Moeller,  for  their 
theoretical  calculations  and  experimental 
design,  Sean  Kilcoyne  and  Alfonso 
Torres  for  helpful  discussions  of  device 
fabrication  techniques,  Dave  Reicher  for 
use  of  his  magnetron  sputtering  chamber 
and  valuable  coating  experience,  Ted 
Salvi  for  his  consultation  in  the 
modeling  of  the  external  cavity,  and 
finally  Chris  Schaus  and  Shang-Zhu  Sun 
for  growth  of  our  laser  material.  We 
acknowledge  financial  support  from  the 
USAF  Office  of  Scientific  Research  and 
the  Phillips  Laboratory  (PILOT  Branch). 

REFERENCES: 

[1]  E.  Kapon,  C.P.  Lindsey,  J.  Katz, 
S.  Margalit,  and  A.  Yariv, 
"Chirped  arrays  of  diode  lasers 
for  supermode  control,"  Appl. 
Phys.  Lett.,  vol.  43,  p.200, 
August  1984. 

[2]  D.F.  Welch,  W.  Streifer,  P.S. 
Cross,  and  D.R.  Scifrcs,"Y- 
junction  semiconductor  arrays: 
part  n-experiments,"  IEEE  J. 
Quantum  Electron.,  vol.  QE-23, 
pp.  752-756,  June  1987. 

[31  J.P.  Hohimer,  G.R.  Hadley,  D.C. 
Craft,  T.H.  Shiau,  S.  Sun,  and 
C.F.  Schaus,  "Stable-mode 
operation  of  leaky-mode  diode 
laser  arrays  at  high  pulsed  and 
CW  currents,"  AppljPhys. 


Lett., vol.  58,  pp.  452-454, 

February  1991. 

[4]  C.  Chang-Hasnain,  D.F.  Welch, 

D.R.  Scifres,  J.R.  Whinncry,  A. 
Dienes,  and  R.  Burnham, 

"Diffraction-limited  emission 
from  a  laser  diode  array  in  an 
apertured  graded-index  lens 
external  cavity,"  ApplPkys. 
Lett., vol.  49,  pp.  614-616, 

September  1986. 

[5]  J.A.  Ruff,  A.E.  Siegman,  and 

S.C.  Wang,  "Mode 
characteristics  of  broad  area  high 
power  diode  lasers  in  an  external 
stable-unstable  cavity," 

Conference  on  Lasers  and 
Electro-Optics,  1989  Technical 
Digest  Series,  vol.  11  (Optical 
Society  of  America,  Washington, 
D.C.  1989)  p.  296. 

[6]  J.C.  Dyment,  "Hermite-gaussian 

mode  patterns  in  GaAs  junction 
lasers,"  Appl.  Phys.  Lett.,  vol.  10, 
pp.  84-86,  February  1967. 

[7]  A.E.  Siegman,  Lasers, 

University  Science  Books:  Mill 

Valley,  CA,  pp.  663-697, 1986. 

[8]  Conversations  with  Greg  Dente, 

Phillips  Laboratory,  Kirtland 
AFB,  Albuquerque,  NM,  Spring 
1991. 

[9]  W.F.  Sharfin,  A.  Mooradian, 

C.M.  Harding,  and  R.G.  Waters, 
"Lateral-mode  selectivity  in 
external-cavity  diode  lasers  with 
residual  facet  reflectivity,"  IEEE 
J.  Quantum  Electron.,  vol.  QE- 
26,  pp.  1756-1763,  October 
1990. 


a) 


Figure  1  a)  side  view  of  laser  and  external  cavity  shows  the  stable 
cavity  configuration,  note  that  the  cylindrical  lens  has  no 
effect  in  this  dimension,  b)  top  view  of  the  system  shows 
the  unstable  cavity  configuradon,  and  demonstrates  a 
cross-over  and  magnification  of  the  beam 
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Figure  2  GRIN-SCH  laser  structure  used  for  laser  processing  run  SWl-125 


high  temperature  solder. 
M.P.  300  C 


laser  diode,  bonded  with  AuSn 
solder  preforms.  M.P.  280  C 


Au  plated  upper  contact  lead 
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isolation 

1.5%  Ag  solder,  M.P.  226  C 
between  meatalized  alumina 
and  heatsink 

C-type,  Cu  heatsink 
with  Ni  flash  plate  and 
2  pm  Au  electroplating 

Figure  3  Standard  package  for  high  power  lasers  injected 
with  lusec  pulse,  at  1%  duty  cycle 
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Figure  4  External  cavity  experimental  setup,  with  diagnostics  for 
measuring  optical  power,  near-field,  and  far-field 
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Figure  5  Simplified  view  of  the  measurement  setup  used 
in  the  calculation  of  the  diffraction  limit 
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Figure  6  a)  Far-field  with  cylindrical 
lens  and  mode  filtering,  b) 
far-field  without  cylindrical 
lens/without  mode  filtering 


Figure  7  PI  curve  for  device  SWl-125-303, 
with  external  cavity  mode  filtering 
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Phase-locking  of  two  or  three  commercial  diode  lasers  was  achieved  by  uni-  or  bidirectional 
phase-conjugate  injections.  The  phase-conjugate  waves  come  from  a  double  phase  conjugate 
mirror.  For  the  unidirectional  injection  locking  the  dependence  of  the  locking  bandwidth  on 
the  injection  power  was  measured.  Intermodal  injection  locking  is  demonstrated  and  the 
mode-coupling  effect  was  included.  For  the  bidirectional  injection  the  quality  of  the  phase¬ 
locking  d^rades  as  the  injection  power  is  increased.  When  it  b  increased  to  -30dB  the  phase¬ 
locking  b  unstable,  it  b  larger  than -SOdB,  theoutput  spectra  the  lasers  are  broadened. 

If  two  or  more  lasers  can  be  phase  locked,  they  can  be  coherently  combined 
into  a  single  intense  laser  beam.  This  is  useful  for  an  array  of  semiconductor 
lasers.  Nonlinear  optical  processes  ,  for  example,  degenerate  four-wave 
mixing,  stimulated  Brillouin  scattering,  provide  a  method  by  which  phase 
conjugation  backward  wave  of  an  incidence  wave  can  be  generated.  If  the 
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Figure  1  shows  the  experimental  configuration  for  the  phase-locking  of  two  or 
three  semiconductor  lasers.  LDi  is  used  as  the  master  laser  (ML),  LD2  and 
LD3  are  used  as  the  slave  lasers  (SL).  All  of  the  lasers  are  Hitachi  1400  laser 
diodes,  without  antireflection  coating.  The  operating  wavelength  is  about  835 
nm.  The  output  of  the  laser  diodes  is  an  extraordinary  polarization.  They  are 
incident  upon  opposite  surfaces  of  a  photorefractive  crystal  after  passing 
through  the  telescopes.  They  provide  the  pumping  beams,  1  and  2,  of  the 
DPCM.  The  angle  between  the  beams  1  and  2  inside  the  crystal  was 
approximately  173®.  The  crystal  is  a  single  crystal  of  BaTiOa  with  dimensions 
of  7X6X5  mm3  .  The  C-axis  is  of  the  crystal  along  the  7  mm  side.  Four-wave 
mixing  in  the  crystal  produces  output  beams  4  and  3,  which  are  phase 
conjugates  of  the  beams  1  and  2,  respectively.  The  injection  currents  of  the 
diode  lasers  of  LDi  and  LD2  are  about  75  mA  (about  1.4  Ith).  The  injection 
currents  of  both  lasers  are  adjusted  so  that  their  longitudinal  modes  overlap. 
When  Ii=73.5  mA  and  12=77.5  mA  this  case  can  be  happened.  In  this  case  the 
powers  of  the  pump  beams  of  the  DPCM  are  1.8  mW  and  1.6  mW,  respectively. 
The  pumping  power  density  is  about  150  mW/cm^.  The  transmissivity  of  the 
DPCM  is  about  30%.  The  nonlinear  coupling  constant  of  the  crystal  yL=2.3.  The 
output  wavelengths  of  the  lasers  are  measured  by  a  grating  monochromator. 
The  temporal  spectra  are  measured  by  two  Fabry-Perot  interferometers  .  Their 
free-spectral  ranges  are  2.5X103  GHz  and  1.6  GHz,  respectively.  The  Farady’s 
isolators  provide  a  40  dB  isolation. 

When  the  longitudinal  modes  of  the  two  lasers  overlap,  their  Fabry-Perot 
spectra  coincide.  The  phase-locking  between  the  master  and  slave  lasers  is 
signed  by  the  interference  fringes.  The  interference  pattern  is  detected  by  a 
CCD  camera  and  displayed  on  a  video  monitor.  When  the  phase  of  the  slave 


laser  is  locked,  the  interference  fringe  appears,  as  shown  in  Pig.2  (a).  If  the 
phase  conjugation  beam  4  is  blocked,  the  interference  fringes  disappear. 
Fig. 2(b)  shows  intensity  variation  in  interference  fringes.  The  visibility 
obtained  is  V=0.95.  Changing  the  current  or/and  temperature  of  the  lasers  we 
can  tune  the  wavelength  of  the  free-running  lasers. 

The  phase  locking  of  three  laser  diodes  was  carried  out .  Similar  results  were 
obtained. 

Intermodal  injectioii  locking 

For  a  weak  injection  power,  in  order  to  get  good  injection  locking,  the 
frequency  of  the  free-running  slave  laser  has  to  be  tuned  to  within  a  relatively 
narrow  bandwidth  of  the  master  laser  frequency.  Keeping  the  injection  power 
a  constant,  adjusting  the  injection  current  and  temperature  of  the  master 
laser,  as  the  frequency  of  the  master  laser  is  detuned  from  that  of  SL,  the 
visibility  of  the  fringe  is  reduce.  But  when  the  frquency  of  the  ML  is  close  to  a 
nonlassing  longitudinal  mode  (the  longitudinal  mode  space  is  about  119  GHz) 
of  the  SL,  the  injection  locking  can  be  performed  by  using  lower  injection 
power.  The  SL  constitutes  a  resonant  amplifier  for  the  light  injected  into  a 
nonlassing  mode.  Because  of  the  mode-coupling  effect  the  injected  SL  mode 
power  increases  in  proportion  to  the  injection  power,  while  the  free-running 
SL  mode  power  decreases  due  to  the  mode-coupling.  The  dependence  of  the 
locking  bandwidth  on  the  injection  power  was  measured  and  shown  in  Fig.4. 
For  weak  injection  the  experimental  data  is  in  agreement  with  previous 
injection  locking  theory  [5-7].  When  the  frequency  of  ML  is  close  to  nonlasing 
longitudinal  mode  of  SL,  the  SL  output  power  transfered  completely  to  the 
injected  mode.  This  is  intermodal  injection  locking  [8-10].  In  this  case  the 
mode-coupling  effect  must  be  taken  into  account. 


Under  the  usual  plane-wave  and  slowly  varying  envelope  approximation,  the 
electric  field  inside  the  injected  cavity  can  be  expressed  as 

EsCz.t)  =  I  Eso(t)  exp  j(  (Ogt  -  kmz)  +  c.c.  ( 1) 

where  (Og  is  the  laser  frequency  and  km  the  wave  number  of  the  mth  mode, 
fixed  by  the  cavity  boundary  conditions.  The  complex  field  of  the  injection  laser 
is 

Ei  (z,t)  =  2  Eio  (t)  exp  j((Oit  -  kiz)  +  c.c.  (2) 

Including  mode-coupling  effects  the  coupled  wave  equation  becomes 


^=li(G-i)(Uja)+2^ 


Ei 


E, 


j((Os-(Oi)  +  ^l|^l  2)Eso  (3) 


where  G  is  the  optical  gain,  Xp  is  the  photon  lifetime,  a  is  the  ratio  between  the 
carrier-induced  change  in  the  refractive  modal  index  n  and  the  modal  gain,  ng 
is  the  group  index.  ^  is  the  mode-coupling  coefficient  and  can  be  represented 
as 
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(4) 


where  AQ  is  the  bandwidth  of  the  gain  of  the  slave  laser;  T  is  the  output 
linewidth  of  the  master  laser,  and 


^  I  integer 
2Lng 

Q 

Since  (Dj-COs  is  very  close  to  q  ~2Lng  ’  equation  (3)  can  be  simplified  to 
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(5) 


Using  Eso  =  V^exp  ( j  Og )  and  converting  eq.(3}  into  the  rate  equations  for  the 
total  photon  number  P  and  the  phase  0  of  the  laser  field  one  obtains 


sine-CoH-coi)  (7) 

where  Pj  represents  the  number  of  injected  photons  in  the  cavity  and  6  =  <I>i  - 
Os  is  the  difference  between  the  phase  of  the  optical  field  of  the  master  laser 
and  that  of  the  injected  slave  field. 

Stationaiy  solutions 

From  eqs.(6)  and  (7)  we  can  derive  the  steady-state  solution  of  the  system 

C  Pi  1  P' 

^  ~  2Ln^ ^ P^  ® 

P*  1  1  P* 

In  general,  <  I»  and  p«  1,  then  then  COS  0  term  can  be  neglected.  The 
solution  (8)  becomes 

The  second  term  in  the  denominator  comes  from  the  mode-coupling  effect. 
Equetion  (9)  shows  that  when 


2Lng  ^  ^ p‘  cos  0  =  1  (10) 

The  locking  bandwidth  is  largely  enhanced  by  the  mode-coupling  effect.  From 
eq.(lO)  we  can  obtain  the  required  injection  power  for  the  maximum  locking 
bandwidth 
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The  r  is  determined  by  the  linewidth  of  the  laser  and  the  accuracy  of  the 
detuning.  The  oscillating  frequency  of  laser  diodes  changes  with  temperature. 
The  temperature  versus  frequency  shift  characteristics  are  linear,  and  the 
slope  is  about  -  30  GHz  /^C.  We  assume  the  accuracy  of  the  detuning  is  about 
200  MHz.  We  use  the  following  set  of  parameters  :  AQ  =  15  nm  =  6.4  x  10^2  Hz  ( 
at  X.  =  840  nm  ),  r  =  200  MHz,  ng  =  4.3,  L  =  300  |lm,  (X  =  5.  Substitution  these 
data  in  eq.(ll)  yields 


^  =  O.13x(cos0)*2^  (13) 

When  the  mode-coupling  effect  is  neglected,  from  the  dependence  of  the 
locking  bandwidth  on  the  phase  difference  0,  we  can  get  the  maximum  locking 
bandwidth  at 

COS  Omax  =  0.98  (14) 

Substitution  bmax  in  (13)  yield 

)inax=  1-3  X 10-1  (15) 

The  theoretical  curve  obtained  from  equation  (9)  is  shown  in  Pig.  3.  The 
theoretical  curve  [5]  without  the  mode-coupling  effect  is  also  shown  in  the 
figure.  Our  theoretical  curve  is  in  agreement  with  the  experimental  results. 
Bidirectional  phase  conjugation  injection  mutual  phase-locking. 

By  removing  the  Faraday  isolator  from  pumping  beam  2,  the  phase-conjugate 
beam  3  can  be  injected  into  laser  diode  LDi.  This  is  the  bidirectional  mutual 
injection  phase-locking  configuration.  For  this  scheme,  the  phase-locking 


between  the  two  diode  lasers  is  stable  only  when  the  phase*coi\jugate  u^jection 
level  is  less  than  •  40dB.  When  the  injection  level  is  increased  to  -30  dB,  the 
frequencies  of  the  lasers  can  not  be  adjusted  to  coincide,  and  the  frequencies  of 
the  lasers  are  unstable.  When  the  frequency  difference  between  the  two  lasers 
is  about  3  GHz,  the  relaxation  oscillation  can  be  easily  excited.  When  the 
injection  level  is  larger  than  -30  dB,  the  output  spectra  of  the  lasers  are 
broadened  and  the  case  is  driven  into  multimode  operation,  as  shown  in  Fig.4. 
As  increasing  the  injection  power  the  two  lasers  free-running  at  a  single 
longitudinal  mode  with  different  wavelengths  will  be  pushed  toward  to 
multimode  states,  as  shown  in  Fig.5. 

In  conclusion,  it  was  experimentally  demonstrated  that  the  phase-locking  of 
two  and  three  commercial  diode  lasers  without  antireflection  coating  can  be 
performed  by  phase-conjugate  injection.  The  bidirectional  injection  locking  is 
more  unstable.  For  the  intermodal  injection  locking  the  mode-coupling  effect 
was  included  in  the  coupled  wave  equations.  The  theoretical  results  are  in 
agreement  in  the  experimental  measurements.To  get  phase-locking  of  the 
diode  lasers  with  difference  of  frequency  of  a  few  GHz,  only  needs  the  phase- 
conjugate  injection  power  of  a  fraction  of  one  microwatt.  It  means  that 
nonlinear  materials  with  fast  respond  time  can  be  used  in  this  technique,  even 
they  have  low  coupling  efficiency.  To  extend  to  the  phase-locking  of  more  diode 
lasers  is  straightforward.  This  technique  can  also  be  applied  for  coherent 
processing  of  images  transmitted  through  an  optical  fiber. 

The  authors  would  like  to  thank  Dr.  Hua  Li,  Yuan  Li  and  Chi  Yan  for  their 
help  for  experiment. 
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Figure  captions 

Figure  1.  The  experimental  setup  for  the  phase-locking  of  two  and  three 
semiconductor  diode  lasers. 

Figure  2.  The  interference  pattern  between  laser  beams  when  the  phases  of  the 
two  diode  lasers  are  locked  (a),  and  (b)  intensity  variation  in  interference 
hinges,  the  visibility  is  0.95. 

Figure  3.  Locking  bandwidth  vis  injection  rate  (Pi/Ps).  Solid  line  is  the 
theoretical  curve  without  mode-coupling  [6],  dashed  line  with  mode-coupling, 
triangles  experimental  data. 

Figure  4.  Fabry-Perot  interograms  for  high  mutual  phase-conjugate  injection. 
(a)Without  injection,  and  (b)  with  injection  of  20  pW. 

Figure  5.  Bidirectional  phase-conjugate  mutual  injection  coupling  between  the 
two  diode  lasers,  (a)  free-running  output  wavelengths,  (b)  to  (d)  the  phase- 
conjugate  injection  is  increased  from  (b)  to  (d). 


C-axis 


3 


Crystal 


n2 


Ill 


Channel  1 
1ms  20  V 

Chcmel  2 
Ime  2  V 


IHItHKIRUDHlBB. 


r  ■  I  • 


V 

W'*^I 


J 


i  wfT  .a 
^1 


Chamsl  1 
Ims  1  V 

Chamsl  2 
Ims  20 mV 


2:^  'V 


HIGH-POWER  WIDELY  TUNABLE 
LINE-NARROWED  EXTERNAL  CAVITY 
SEMICONDUCTOR  LASERS 

Cun-Kai  Wu,  Yuan  Li,  Morris  B.SnipcsJr, 
and 

John  G.  Mclnemey 

Optoelectronic  Device  Physics  Group,  Center  for  High  Technology  Materials 
University  of  New  Mexico,  Albuquerque,  NM  87] 3 1-6081 


INTRODUCTION 

Narrow  spectra  and  wavelength 
tunability  of  semiconductor  lasers  with 
high  output  powers  are  highly  desirable. 
Such  devices  are  needed  in  the  areas  of 
optical  fiber  telecommunications,  free 
space  communications,  microwave 
energy  transmission  and  nonlinear 
optical  frequency  generations.  We  have 
developed  a  system  which  uses  a  pulsed 
semiconductor  laser  coupled  to  an 
external  grating  to  produce  500  mW 
peak  of  output  power,  with  a  linewidth 
of  0.05  nm  or  less,  and  a  tuning  range  of 
30  nm. 

Using  an  external  cavity  to 
achieve  these  goals  for  low-power  laser 
is  not  a  novel  idea  [1-4].  A  tuning  range 
of  55  nm[2]  has  been  reported  with 
external  grating  cavities.  However, 
none  of  the  previous  work  has  been 
concerned  with  producing  high  ouqiut 
power. 


Because  semiconductor  laser 
materials  have  a  wide  gain  spectra,  it  is 
possible  to  acheive  lasing  over  a  wide 
tuning  range.  However,  wide  range 
tuning  can  only  be  realized  with  a  well 
defined  lineshape,  and  also  the 
wavelength  should  not  drift  with 
operating  current  or  temperature 
variation.  Both  of  these  requirements 
can  be  achieved  with  an  external  cavity, 
using  a  grating  for  wavelength  selection. 

One  problem  inherent  in  an 
external  cavity  system,  is  that  both  the 
solitary  laser  and  the  external  cavity 
compete  for  dominance.  To  eliminate 
this  problem,  the  semiconductor  laser 
should  have  the  internal  facet  anti¬ 
reflection  (AR)  coated,  so  that  the 
external  cavity  alone  determines  the 
lasing  condition.  An  added  benefit  is 
that  the  operating  wavelength  will  have 
little  dependence  on  the  temperature 
variations.  In  addition,  if  the  length  of 


the  external  cavity  is  chosen  to  be  much 
longer  than  that  of  the  solitary  laser,  the 
wavelength  separation  of  longitudinal 
modes  is  very  small  and  the  wavelength 
tuning  becomes  quasi-continuous. 

EXPERIMENT 

The  semiconductor  laser  used  in 
our  experiment  was  fabricated  at 
CHTM.  The  laser  structure  is  a  graded- 
index  seperate-confinement 

heterostructure  (GRIN-SCH)  with  a 
single  quantum  well,  and  is  shown  in 
Figure  1.  In  the  lateral  dimension  the 
laser  is  purely  gain  guided.  The  device 
has  a  cavity  length  of  500  Mm.  and  a 
stripe  width  of  150  pm.  As  mentioned 
previously,  the  front  facet  of  the  laser 
diode  was  AR  coated  ( <1%)  to  increase 
the  external  cavity  coupling  efficiency. 
The  rear  facet  was  high-reflection  (HR) 
coated  (  >75%)  to  improve  single-ended 
power  output  In  addition  to  producing 
high  output  power,  wide  stripe  lasers  are 
advantageous  due  to  their  simple 
structiu'e  and  ease  of  fabrication. 

In  our  experimental  arrangement 
a  blazed  grating  having  1200  lines/mm 
was  used  in  the  second  diffraction  order 
for  optical  feedback.  The  grating  lines 
were  aligned  parallel  to  the  epitaxial 
growth  plane  of  the  laser  diode,  hence 
the  active  layer  acts  as  the  entrance  slit 
of  a  monochromator  in  coupling  the 
feedback  into  the  diode.  It  is  noted  that 
the  external  cavity  is  less  effective  when 


the  grating  lines  are  perpendicular  to  the 
growth  plane  in  the  case  of  wide-stripe 
lasers,  although  it  works  well  for 
narrow-stripe  lasers. 

The  experimental  setup  which 
was  used  is  depicted  in  Figure  2.  The 
laser  was  driven  using  a  pulsed  current 
source,  with  a  pulse  width  of  1 
microsecond  and  a  repetition  rate  of  10 
kHz.  The  optical  spectra  were  measured 
using  a  Spex  1704  grating 
monochromator,  with  a  resolution  of  less 
than  0.05  nm.  Optical  output  power  was 
monitered  with  a  Photodyne  44  XLA 
power  meter.  To  take  power 
measurements  with  and  without  optical 
feedback,  a  beam  splitter  was  used  to 
extract  a  portion  of  the  beam  from  the 
external  cavity  and  the  cavity  was 
blocked  to  eleminate  feedback.  These 
results  are  shown  in  Figure  3.  The 
output  power  versus  wavelength  curve, 
as  shown  in  Figure  6,  was  measured  at 
the  grating. 

In  Figure  4  we  show  the  laser 
diode  spectra  with  and  without  optk:al 
feedback  from  an  plane  external  mirror. 
The  injection  cunent  is  about  twice 
threshold  current  This  demonstrates 
that  even  with  external  feedback  from  a 
mirror,  the  laser  operates  with  a  broad 
spectral  envelope  in  multiple 
longitudinal  modes.  Figure  5  shows  the 
optical  spectra  of  the  laser  diode  with 
feedback  from  a  grating  external  cavity 
under  the  same  operating  condition  as  in 


Figure  4.  This  clearly  shows  that 
gating  coupling  of  the  laser  diotfe 
produces  a  narrowing  of  the  spectra  by 
2  to  3  orders  of  magnitude. 

Figure  6  shows  the  output  power 
variation  as  the  operating  wavelength  is 
changed  by  adjusting  the  tilt  angle  of  the 
grating.  The  spectra  width  is  less  than 
0.05  nm  (the  instrument  resolution 
limit).  The  operating  condition  is  same 
as  before. 

Figure  7  shows  the  stability  of 
the  laser  with  a  grating  external  cavity. 
The  driving  cunent  varied,  but  the 
operating  wavelength  is  very  stable  and 
the  spectra  remainr  very  narrow. 

As  the  grating  tilt  angle  is  varied, 
the  operating  wavelength  of  the  laser  can 
be  tuned  continuously.  Figure  8  shows 
the  tuning  of  the  wavelength.  The  result 
is  abtained  at  same  injection  condition, 

i.e.  about  2.0  times  of  threshold  current 
The  peak  output  ?x)wer  of  the  laser  at 
this  condition  is  about  500  mW.  From 
Figure  8  The  tuning  range  is  above  30 
nm  ,  from  777.0  nm  to  808.5  nm  .  At 
either  end  of  the  tuning  curve,  the 
feedback  from  the  grating  is  insufficient 
to  support  lasing  action. 

CONCLUSION 

In  conclusion,  using  a  grating 
external  cavity,  a  high  power,  narrow 
linewidth  semiconductor  laser  has  been 
realized.  Specifically,  the  laser  has: 

1)  very  narrow  linewidth: 


2)  wide  wavelength  tuning  range: 

3)  high  output  power  above  550 
mW  in  pulsed  mode: 

4)  excellent  wavelength  stability. 
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LASER  STRUCTURE  USED 
FOR  LASER  PROCESSING  RUNS  MBS-562- 1.2.3 


Figure  1  Semiconductor  laser  structure  Figure  2  Experimental  arrangement 
used  in  the  experiment 


Figure  3  Power  versus  cunent  for  the 
laser  diode  with  and  without  the 
external  grating 
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Figure  4  Spectra  for  laser  diode  a) 
without  feedback  from  an 
external  nurror,  and  b)  with 
feedback  from  an  external  mirror 
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Fig.5  The  spectrum  output  of  the  laser  with 
the  feedback  from  a  grating  external  cavity. 


Fig. 6  The  output  power  variation  as  the 
operating  wavelength  is  changed  by  adjusting 
the  tilt  angle  of  the  grating.  The  spectrum 
width  is  less  than  0.05  nm  (  the  instrument 
resolution  limit  ). 


Fig.7  shows  the  wavelength  stability  of  the  Fig.8  The  tuning  of  the  output  wavelength 
laser  with  a  grating  external  cavity  under  by  tilting  the  grating, 
different  injection  current. 
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Abstract 

We  report  the  first  experimental  and  theoretical  observations  of  a  period-doubling  route  to 
chaos  in  a  semiconductor  laser  with  optical  feedback.  Increasing  the  feedback  produces  a 
quasiperiodic  route  to  chaos,  manifested  as  a  catastrophic  increase  in  the  laser  linewidth.  Under 
certain  conditions,  frequency  locking  occurs  in  preference  to  quasiperiodicity,  and  then  period- 
doubling  appears.  Both  phenomena  are  explained  as  interactions  between  the  external  cavity 
modes  and  the  laser  relaxation  oscillations. 

PACS  Number:  42.50.Ti.  05.45.+b.  42.50.Kb..  42.55.Px 

The  dynamics  of  semiconductor  lasers  subject  to  coherent  optical  feedback  have  been  studied  for 
several  years  [1,2].  At  high  levels  of  feedback  (~10%  in  intensity)  and  below  the  isolated  laser 
threshold,  the  laser  dynamics  are  dominated  by  the  external  resonator,  and  a  distinct  set  of 
instabilities  is  observed:  external  cavity  mode  interactions  [3]  and  low-frequency  self¬ 
pulsations  [4],  subharmonic  bifurcations  [5]  and  an  intermittent  route  to  a  linewidth- 
broadened  chaotic  state  [6].  At  lower  levels  of  feedback  (<  0.1%  in  intensity)  and  welt  above 
the  isolated  laser  threshold,  increasing  the  feedback  level  initially  produces  linewidth 
narrowing,  then  undamping  of  the  relaxation  oscillation,  followed  by  excitation  of  external 


cavity  modes  and  finally  a  catastrophic  increase  in  the  laser  linewidth.  a  phenomenon  which  has 
been  called  'coherence  collapse"  [1 .2]. 

In  this  letter  we  report  experimental  and  theoretical  evidence  that  the  coherence  collapsed  state 
is  actually  a  chaotic  one,  usually  obtained  via  a  quasiperiodic  route  [7],  but  also  via  a  period¬ 
doubling  route  under  certain  conditions.  Moreover,  we  explain  the  physical  basis  for  coherence 
collapse  as  the  interaction  between  the  external  cavity  modes  (separated  by  frequency  Vext)  and 
the  relaxation  oscillation  (vr)  in  the  laser. 

Our  experiments  have  used  GaAs/AIGaAs  laser  diodes  (Hitachi  HLP-1400)  operating  at  -SSO 
nm  with  a  single  longitudinal  mode  when  isolated,  although  multimode  operation  is  common 
under  external  optical  feedback.  An  external  cavity  was  formed  by  one  laser  facet  and  a  high- 
reflectivity  plane  mirror,  the  fraction  of  light  coupled  back  being  varied  using  a  half-wave 
plate  placed  between  a  pair  of  linear  polarizers.  The  laser  was  forced  to  oscillate  in  a  single 
diode  mode  (containing  many  external  cavity  modes)  by  an  intracavity  solid  etalon  of  thickness 
too  pm,  finesse  30  and  free  spectral  range  ~1000  GHz.  The  ratio  fext  of  the  output  intensity 

coupled  back  into  the  lasing  mode  was  obtained  by  measuring  the  external  cavity  transmission 
changes  and  observing  the  value  of  fext  at  very  weak  feedback  (normally  <10'®)  by  noting  the 
maximum  feedback-induced  shift  in  the  optical  frequency  [8] 

(V-Vo)lmax  »  P(fext)^'^(l +a2)1/2  (1) 

where  p  is  a  constant  determined  by  the  laser  resonator  parameters  and  a  is  the  linewidth 
enhancement  factor.  Optical  spectra  were  measured  using  three  scanning  Fabry-Perot 
interferometers  with  free  spectral  ranges  of  2150,  16.1  and  0.750  GHz,  and  finesses  of 
300,100  and  300,  respectively.  The  laser  intensity  noise  spectra  were  measured  using  a  fast 
pin-photodiode  coupled  to  a  microwave  spectrum  analyzer. 


Initially  the  laser  was  biased  in  the  range  ^1^0  external  cavity  length  was  chosen 

such  that  the  relaxation  oscillation  frequency  was  an  integer  multiple  of  the  external  cavity 
mode  spacing,  and  the  external  feedback  ratio  was  increased  gradually.  Figure  1  shows  intensity 
noise  spectra  near  the  relaxation  oscillation  resonance  for  increasing  fext  with  vr  =  6Vext'  the 

free-running  laser  (with  faxt  =0)  has  damped  relaxation  oscillation  which  becomes  undamped 
with  increasing  feedback.  Strong  features  spaced  by  Vext  also  emerge,  indicating  the  presence  of 
multiple  external  cavity  modes.  With  further  increase  of  fext>  a  series  of  period-doubling 
bifurcations  occurs  marked  by  the  appearance  of  peaks  separated  by  Vext/2  and  This 

process  is  confirmed  by  the  observation  of  optical  spectra.  The  power  spectrum  in  the  low 
frequency  domain  Is  simultaneously  observed  to  insure  that  frequency  locking  (vr  =  nvext>  n  an 

integer)  is  maintained.  Eventually  the  discrete  noise  peaks  diminish  while  the^noise  floor  rises, 
leading  to  a  nearly  white  intensity  noise  spectrum,  and  a  broadened  optical  spectrum 
characteristic  of  coherence  collapse. 

In  the  more  general  case  when  vr  is  not  an  integer  multiple  of  v®xt.  the  relaxation  oscillation 
again  becomes  undamped  and  external  cavity  modes  are  excited,  followed  by  interaction  between 
them  and  culminating  once  again  in  a  coherence-collapsed  state.  This  scenario  occurs  far  more 
frequently  than  the  period-doubling  route  to  chaos,  which  requires  careful  monitoring  of  the 
optical  spectra  and  control  of  the  laser  current,  temperature  and  external  cavity  length  to 
maintain  the  relationship  vr  «  nvexi-  However,  In  either  case  the  mechanism  responsible  for  the 

chaotic  coherence-collapsed  state  is  the  nonlinear  interaction  between  the  relaxation  oblation 
and  external  cavity  modes. 

Theoretically,  the  system  is  described  by  rate  equations  for  the  carrier  population  N(t)  and 
complex  optical  electric  field  E(t),  the  latter  equation  being  decomposed  into  separate  equations 


for  the  intensity  l(t)  and  phase  4(t}  in  the  active  region  of  the  laser,  with  a  delayed  nonfmear 
feedback  term  [8.9,10].  The  general  form  of  these  equations  is 

dX{t)/dt  -  g(X(t))  +  (fext)^'2h{X(t).  X(t-t))  +  F{t)  (2) 

with  the  vector 

X(t)  -  (Kt).  4.(t).  N(t)) 

where  g  describes  the  isolated  laser  and  (fext)^^^h  is  the  nonlinear  feedback  term  with  delay 
time  X  and  strength  (fext)’''^-  F  is  a  Langevin  force  term  describing  white  noise  driving. 
Because  the  phase  diffusion  process  causes  difficulties  in  constructing  trajectories  in  the 
{I,4».N}  phase  space,  we  further  transform  the  phase  (Kt)  into  the  instantaneous  deviation  of  the 
optical  frequency  from  its  steady  stale  value 

(o(t)  -  lim  {l(Kt)-(Kt-8t)l/8t}  (3) 

St->o 

to  construct  trajectories  in  the  phase  space  {l.w.N}.  We  then  integrate  the  delay-differential 
rate  equations  (2)  numerically. 

Initially,  the  effects  of  noise  are  not  included  in  our  calculations  (Figures  2-4).  Figure  2 
gives  calculated  time  series  and  power  spectra  for  the  intensity  l(t),  and  Poincar^maps  in  the 
plane  of  constant  N(t).  The  time  series  show  that  the  faster  relaxation  oscillation  is  initially 
modulated  by  Vext.  Ihen  Vext/2,  Vext/4  and  ultimately  an  irregular  signature.  The  power 

spectra  agree  well  with  the  experimental  data  presented  in  Figure  1.  The  bandwidth  of  the 
spectra  is  limited  by  the  linewidlh  of  the  cold  laser  resonator  which  is  about  20  GHz  here.  The 
frequency  spacing  of  external  cavity  modes  in  the  power  spectra  is  smaller  than  2l.«xt/c  (Uxi  is 
the  external  cavity  length),  due  to  mode  pulling  effects.  Figure  3  shows  a  calculated  bifurcation 
plot  for  the  frequency-locked  condition,  showing  a  clear  period-doubling  sequence.  Taking  the 


peak  values  of  the  time  series  of  l(t)  gives  the  envelope  of  the  external  cavity  modulation 
signature,  and  taking  the  local  maxima  of  this  envelope  gives  the  bifurcation  points  for  a  given 
fext* 


To  confirm  the  chaotic  nature  of  the  irregular  state,  we  calculated  the  correlation  dimension  D2 
[11]  for  each  of  the  data  sets  in  Figure  2.  The  resulting  data  (Figure  4)  converged  to  a  fractal 
dimension  of  2.1 -2.7,  Indicating  a  chaotic  attractor.  We  have  also  calculated  D2  values  for  the 
system  with  white  driving  noise  and  no  feedback;  these  values  converged  to  3  (with  a  small 
computational  error)  as  expected  for  a  purely  stochastic  process.  The  calculated  D2for  the 
coherence-collapsed  state  never  reached  3  even  with  large  feedback  ratios  and  with  large 
spontaneous  emission  noise  included.  We  note  in  passing  that  the  uncertainties  in  the  calculated 
D2  values  are  due  to  nonuniform  attractor  densities  caused  by  the  stiffness  of  this  system  which 
has  time  constants  ranging  from  ~10  picoseconds  to  microseconds.  The  very  large  data  sets 
required  for  accurate  determination  of  the  correlation  dimension  D2  precludes  experimental 
measurements  using  currently  available  equipment. 

We  have  also  studied  the  effects  of  adding  realistic  levels  of  white  noise  (12J,  indicating  that 
noise  causes  no  significant  modifications  of  the  essential  features  of  the  period-doubling  or 
quasiperiodic  routes  to  chaos,  although  it  does  obscure  the  details  and  make  the  correlation 
dimension  more  difficult  to  determine. 

In  conclusion,  we  have  presented  the  first  experimental  and  theoretical  demonstration  of  a 
period-doubling  route  to  chaos  in  a  coherence-collapsed  semiconductor  laser.  This  route  occurs 
in  preference  to  the  more  usual  quasiperiodic  route  when  frequency  locking  conditions  are 
maintained.  In  either  case,  the  coherence-collapsed  semiconductor  laser  is  shown  to  be  chaotic, 


and  the  behavior  is  due  to  nonlinear  interaction  between  the  external  cavity  modes  and  the 
relaxation  oscillation  undamped  by  the  optical  feedback. 
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FIG.1  Measured  power  spectra  of  the  intensity  with  increasing  feedback  level  fext.  when  the 
frequency  locking  condition  is  satisfied  (  A  to  F  ).  The  injection  current  l/lth  ■  1.60,  the 
external  cavity  length  Uxt*  18  cm.  the  external  cavity  mode  spacing  Vext*0.7  GHz  and  the 
relaxation  oscillation  frequency  vr=4.2  GHz. 

FIG.2  Calculated  intensity  time  series  {1st  column),  power  spectra  (2nd  column)  and 
Poincare  maps  {3rd  column)  for  the  period-doubling  route  to  chaos  as  (fext)^'^  increases  {A  to 

F). 

FIG.3  Calculated  bifurcation  picture  tor  the  period-doubling  route  to  chaos  as  (fext)’'^ 
increases.  The  system  parameters  at  the  points  marked  A  to  E  are  the  same  as  those  In  the 
graphs  similarly  designated  in  FIG.2. 

F1G.4  Calculated  correlation  dimension  D2  at  the  points  previously  marked  A  to  F  during  the 
period-doubling  route  to  chaos. 
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ABSTRACT 

We  describe  theoretical  and 
experimental  investigations  of  a 
particular  interesting  and  important 
dynamical  phenomenon-  coherence 
collapse  of  a  semiconductor  laser  with 
external  optical  feedback.  In 
experiments,  we  observed  that,  as  the 
feedback  level  increased,  the  laser 
linewidth  increased  tremendously,  while 
the  external  cavity  modes  and  relaxation 
oscillation  resonances  were  greatly 
enchanced.  We  devised  a  novel  method  by 
which  the  feedback  level  can  be 
measured  using  a  frequency 
discriminator.  In  our  computer 
simulations,  we  solved  the  time- 
dependent  coupled  rate  equations  for  the 
intensity,  the  optical  phase  and  the 
carrier  number.  The  time  evolution  of 
the  field  intensity  and  the  intensity 
spectrum  were  obtained  to  show 
resonant  enhancement  of  the  laser  modes 
by  the  external  feedback.  The  return 


map  and  the  correlation  dimension  (D2) 
were  calculated  to  describe  the 
characteristics  of  the  deterministic 
chaos  in  more  detail. 

I.  INTRODUCTION 

The  dynamics  of  a  semiconductor  laser 
(SCL)  can  be  influenced  very  strongly 
by  external  optical  feedback.  The 
dynamical  complexity  of  the  external 
cavity  semiconductor  laser  has  been 
observed  experimentally  for  a  long  time 
One  well-known  but  poorly- 
understood  phenomenon  is  studied  here  - 
coherence  collapse,  in  which  the 
linewidth  of  the  SCL  is  broadened  from  a 
few  MHz  to  several  tens  of  GHz  by 
increasing  optical  feedbackl^l.  A  crucial 
question  is  whether  this  process  is 
deterministic  chaos  or  a  stochastic 
instability.  Based  on  the  definition  of  the 
deterministic  chaos,  some  of  the 
required  properties  arel^l:  (1)  the 
behavior  in  time  of  any  variable  of  the 


system  is  aperiodic;  (2)  the  power 
spectrum  of  some  variabie  has  some 
broadband  parts;  (3)  the  dimension  of  a 
chaotic  system  must  be  greater  than  or 
equal  to  two,  and  the  correlation 
dimension  is  usuaiiy  a  fractai  number; 
(4)  a  return  map  shows  an  infinite 
number  of  points.  Therefore  by 
investigating  these  properties,  we  can 
begin  to  understand  the  nature  of  the 
process. 

II.  EXPERIMENTS 

The  experimental  arrangement  used  is 
shown  in  FIG.1.  An  external  resonator 
is  formed  with  one  uncoated  facet  of  a 
GaAs/AiGaAs  CSP  laser  diode,  a 
microscope  objective,  two  polarized 
beam  splitters,  a  half-wave  plate  and  a 
plane  mirror  (R>98.5%).  Rotating  the 
X./2  plate  can  continuously  change  the 
feedback  level.  The  slope  of  the 
resonance  curve  of  the  etalon  plate  is 
used  here  as  a  frequency-discrimination 
curve  to  measure  the  very  weak 
feedback  level  since  the  external 
feedback  can  cause  the  lasing  frequency 
of  the  laser  diode  to  shift  according  to 
the  equation 

<o-f2  =  -K  (1  ■»-a2)’'2sin((0T+arctan(a)). 

(1) 

Here  (co-fl)  represents  the  frequency 
shift  induced  by  the  feedback  and  x  is  the 
optical  round  trip  time  in  the  external 
cavity,  a  is  the  linewidth  enhancement 


factor.  K  is  related  to  the  feedback  level 
fext  by 

X,  rtm' 

The  change  of  the  ratio  of  the  intensities 
I2/I1  (refer  to  FIG.  1)  is  used  to 
determine  the  relative  feedback  level 
change.  A  30-picosecond  photo  diode  is 
coupled  to  a  microwave  spectrum 
analyzer  to  measure  the  intensity 
spectrum,  while  a  set  of  three  Fabrry- 
Perot  scanning  etalons  is  used  to  obtain 
the  optical  field  spectrum.  The  three  F- 
P  etalons  have  free  spectral  ranges  of 
3000GHz.  16.5GHz.  and  750MHz  with 
finesses  of  300.  100,  and  300 

respectively.  The  combination  of  these 
three  F-P  cavities  enables  us  to 
observe  a  very  large  part  of  the  optical 
spectrum.  In  this  experiment,  F-P  (1) 
is  to  ensure  single  mode  oscillation  of 
the  laser  diode.  F-P  (2)  is  suitable  for 
observing  coherence  collapse  and  F-P 
(3)  can  be  used  to  find  the  laser  line- 
width. 

fU.  EXPERIMENTAL  RESULTS 

FIG.  2  and  FIG.  3  show  our  experimental 
results.  FIG. 2  shows  the  frequency 
discrimination  curve  as  well  as  the 
optical  output  from  the  same  etalon 
plate  when  the  external  mirror  was 
oscillating  and  the  feedback  level  was 
very  low.  This  feedback  level  was 
measured  from  FIG.  2.  Then  we 


increased  the  feedback  intensity  and 
measured  the  relative  feedback  level 
change.  FIG.  3  shows  the  optical 
spectrum  for  several  different  feedback 
levels.  As  fext  increases,  the  relaxation 
oscillations  are  enhanced,  and  both  the 
main  lasing  mode  and  the  relaxation 
peaks  are  modified  by  the  resonantly 
enhanced  external  cavity  modes.  The 
single  lasing  mode  operation  collapses 
and  the  laser  line-width  increases  by 
several  orders  of  magnitude. 

IV.  THEORETICAL  MODELING 

The  conventional  rate  equations  for  SCL 
need  to  be  modified  if  the  intraband 
relaxation  of  charge  carriers  and 
polarization  within  the  conduction  and 
valence  bands  is  taken  into  account 
The  optical  gain  g  per  unit  length 
becomes 

g=gi/(i+m)’'2  (3) 

where  m=p/ps,  p  is  the  intracavity 
mode  intensity  and  the  saturation 
intensity  ps  is  related  to  the  intraband 
relaxation  times.  gi  is  assumed  to  vary 
linearly  with  the  change  of  the  carrier 
population.  The  nonlinearity  is 
introduced  into  the  modified  gain  as 
spectral  hole  burning.  The  modified  rate 
equations  for  a  single  mode  laser  have 
the  following  form 


do  a  .  B  - G4_p _ ,  _ , 

cJt*2  2 


d  N 
dt 


J/q  -  7eN  -  Gip/(1+m)’^  (6) 


where 


G|  =  F  Vg  gi  =  Gn  (N-Nq)  (7) 

Y  =  r  Vg  gth  =  Gn  (Nth-No).  (8) 

The  parameter  y  represents  the  cavity 
loss  rate,  and  the  carrier  life  time  is 
given  by  tc=1/Ye.  The  parameter  p 

controls  the  nonlinear  phase  change  and 
for  a  F-P  laser  p=0.  r  is  the 
electromagnetic  mode  confinement 
factor.  If  external  optical  feedback  is 
applied,  then  the  rate  equations  will 
have  some  extra  terms 

*  =  (Gi/(Um)’/2  .  p  +  Rgp  ^  2K 

•{p(t)  p(t-T)]^^  cos(0(t)-0(t-T) 
+o)x]  (9) 

g  .  I  (Gi-,).  (w-O).K 

•sin((j»(t)-0(t-x)+ci)Tj  (10) 

^  =  J/q  -  YeN  -Gip/(1+m)i'2  (11) 

where  the  parameter  K  is  given  in  (2) 
and  X  is  the  external  cavity  round  trip 
time.  These  equations  can  be 
numerically  solved  in  the  time  domain 


dt 


(G|/(1+m)i/2  -  Y)  P  fRsp  (4) 


and  the  solutions  will  give  the  time  spectrum  shows  white  noise.  The 

evolutions  of  the  variables.  It  is  very  dimension  (02)  is  zero  in  the  relatively 

easy  to  observe  the  intensity  p(t)  large  reconstructed  phase  space, 

experimentally,  so  its  behavior  is  most  indicating  globally  stable  behavior  in 

conveniently  used  to  describe  and  the  steady  state  solution.  02  is  divergent 

analyze  the  detailed  dynamics  of  the  as  the  embedding  dimension  n  tends  to 

system.  First  the  phase  space  trajectory  infinity,  showing  purely  stochastic 

(as  a  return  map)  and  the  power  behavior  in  the  small  phase  space, 

spectrum  of  the  intensity  are  calculated.  (2)  The  noise-free  external  cavity 

Then  the  method  of  Grassgerger  and  laser  system  shows  an  aperiodic 

Procacciaf®n®Ho  calculate  the  dimension  behavior  in  time,  with  considerable 

(02)  is  applied.  Calculations  have  been  resonant  enhancement  at  the  external 

performed  for:  cavity  modes  and  at  relaxation 

(1)  a  dc-biased  semiconductor  laser  oscillation  resonances.  The  fractal  02 

(SCL)  without  feedback,  with  realistic  value  has  a  slightly  wavy  form  as  the 

spontaneous  emission  noise  included;  observation  range  r  is  changed,  showing 

(2)  a  SCL  with  externai  feedback,  but  the  complexity  of  the  system.  02 

with  the  spontaneous  emission  noise  converges  at  a  fractal  value  between  2 

artificially  excluded:  and  3,  which  is  characteristic  of 

(3)  a  SCL  with  external  feedback,  deterministic  chaos. 

with  realistic  spontaneous  emission  (3)  The  behavior  shown  in  (2)  is 

noise  included.  changed  by  the  inclusion  of  noise.  The 

trajectory  in  phase  space  (a  return 
map)  is  again  blurred  by  the  noise.  The 
V.  THEORETICAL  RESULTS  resonantly  enhanced  external  cavity 

modes  and  relaxation  oscillations  are 
The  calculated  results  are  shown  in  still  very  clear  in  the  time  evolution  and 

FIG.  4.  Comparing  the  calculations  for  intensity  spectrum.  The  convergent 

these  three  situations  shows  the  range  of  r  for  D2  is  much  shorter  than 

following  conclusions.  that  without  noise.  Although  the 

(1)  The  noise-driven  isolated  deterministic  chaos  still  has  a  clear 

semiconductor  laser  has  a  noise-blurred  signature,  it  is  strongly  perturbed  by  a 

point  in  the  return  map.  The  SCL  is  noise-driven  stochastic  process.  One 

lasing  in  a  stable  state  and  fluctuating  must  be  very  careful  in  examining  the 

around  that  state  under  the  influence  of  dynamics  of  the  external  cavity  laser 

the  spontaneous  emission  noise.  The  flat  with  spontaneous  emission  noise. 


VI.  CONCLUSIONS 

We  have  demonstrated  both 
experimentally  and  theoretically  that 
external  optical  feedback  can  greatly 
increase  the  instability  of  SCL  by 
resonantly  enhancing  the  relaxation 
oscillations  and  the  external  cavity 
modes.  The  theoretical  calculations  show 
that  deterministic  chaos  is  present  in 
the  process  of  coherence  collapse,  but 
this  process  is  affected  by  the  presence 
of  spontaneous  emission  noise.  The 
experiments  are  continuing  in  order  to 
provide  more  comparisons  between 
experiment  and  theory  in  the  future. 
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FIG. 2.  Th«  m*asur*m«nt  ol  Iht  weak  taadback  laval  by 

modulating  tha  aiiarnal  mirror.  Injactlen  currant 
lal.lTlth.  axtarnal  taadback  laval  t«it  la  1.3*10-*. 
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FIG.3.  The  observed  optical  spectrum  from  F-P  (2)  which  has  the  free 
spectrum  range  16.5  GHz  and  finesse  100.  It  is  shown  here  that  the 
single  mode  oscillation  gradually  turns  to  coherence  collapse  with  the 
feedback  level  increased. 


FIQ.  4.  Comparison  of  data  aata  for  tho  thraa  cases:  (1)  fraa-running  lasar 
dloda;  (2)  axtarnal  optical  faadback  without  spontanaoua  amission  nolsa;  (3) 
external  feedback  with  spontaneous  emission  noise  Included.  Row  1:  phase 
portraits  (return  maps);  row  2:  time  evolutions  of  field  intensity;  row  3: 
Intensity  spectrum;  row  4:  slopes  of  tha  log-log  plots  of  the  correlation  Integral 
va  log(r)  for  embedding  dimensions  8  to  22  (lower  to  upper). 
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Grating  coupling  to  surface  plasma  waves. 
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A  systematic  experimental  and  theoretical  study  of  first-order  grating  coupling  to  surface  plasma  waves  exist¬ 
ing  at  an  air-Ag  interface  is  presented.  The  experiment  extends  beyond  previous  work  to  grating  depths  com¬ 
parable  with  the  grating  period.  The  grating  profiles  range  from  sinusoidal  to  rectangular.  For  TM-polarized 
incident  radiation  this  grating  depth  range  includes  the  entire  plectrum  of  surface-plasma-wave-radiatkm 
coupling— from  underdamped,  to  nearly  100%  coupling,  to  overdamped  and  the  disappearance  of  the  resonance 
from  the  zero-order  reflectance  measurements.  Strong  polarization  and  absorption  effects  are  observed  for 
the  deepest  gratings.  A  simple  theoretical  model,  based  on  the  Rayleigh  hypothesis  and  retaining  only  reso¬ 
nant  diffraction  terms  without  a  small-sigiud  approximation  being  made,  provides  good  agreement  with  the  ex¬ 
perimental  results. 


INTRODUCTION 

Tbe  study  of  the  interaction  of  light  adth  periodic  struc¬ 
tures  (gratings)  on  metals  has  a  long  and  distinguished 
history.  In  1902  Wood'  first  noted  the  anomalous  behav¬ 
ior  (christened  Wood’s  anomalies)  displayed  by  diffraction 
gratings  of  large  and  rapid  changes  in  diffraction  intensi¬ 
ties  for  small  aitgular  and  spectral  variations.  Rs^leigb*^ 
I»«sented  in  1907  the  first  Uieoretical  explanation  of  these 
anomalies  in  suggesting  that  such  behavior  was  due  to  the 
cutoff  or  the  appearance  of  a  new  spectral  order.  In  1941 
Fano  first  distinguished  between  two  types  of  Wood 
anomalies:  (1)  an  edge  anomaly,  with  a  sharp  behavior 
related  to  the  passing  off  of  a  diffraction  cnrder  (i.e.,  a  dif¬ 
fraction  order  passing  over  the  horizon,  90*  to  the  surface 
normal)  and  (2)  a  resonance  anomaly  due  to  excitation  of  a 
hound  or  surface  wave  at  the  metal-dielectric  interface* 
Surface  plasma  waves  (SPWs)  are  TM  modes  of  the 
electromagnetic  field  bound  to  the  interface  between  a 
metal  and  a  dielectric.  The  condition  for  existence  of  the 
SPW  mode  is  e«'  <  -c^,  where  c.'  is  the  real  part  of  the 
metal  dielectric  constant  and  €4  is  the  dielectric  constant 
of  the  dielectric.  Related  modes,  first  investigated  by 
Sommerfeld,'  exist  when  one  of  the  media  is  highly  lossy. 
The  SPW  phase  velocity  is  less  than  the  light  velocity  in 
the  dielectric,  and  phase  matching  between  an  incident, 
freely  propagating  wave  and  tbe  SPW  is  accomplished 
either  hy  a  prism*  or  by  grating  coupling  techniques. 

The  SPW  dispersion  relation  for  a  planar  metal-air  in¬ 
terface  is  simpty  given  by’ 

*srw  -  *.[€./(«_  +  1)1“,  (1) 
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where  kt  ^  2v/X  is  the  free-space  optical  wave  vector. 
The  phase-matching  condition  fw  excitation  of  SPW’s  is 
satisfied  whenever  ho  sin  O,  the  component  of  ho  along  the 
metal-air  interface,  satisfies  the  condition 

ho  sin  8  =  ±hsi>w’  +  n2irfd,  (2) 

where  d  is  the  grating  period,  9  is  the  angle  of  incidence, 
n  =  ±1,  ±2, ...  is  the  coupling  order,  and  hsw’  is  the  real 
part  of  the  SPW  wave  vector.  In  Eq.  (2)  the  choice  of  a 
negative  sign  preceding  h^pw'  corresponds  to  a  SPW  mov¬ 
ing  in  tbe  dir^ion  opposite  the  incident  wave.  This  ex¬ 
pression  assumes  that  the  grating  wave  vector  is  in  the 
plane  of  incidence;  i.e.,  the  grating  lines  are  perpendicular 
to  tbe  incident  wave  vector. 

The  SPW  dispersion  relationship  is  plotted  in  Pig.  1  for 
a  lossless,  free-electron  metal  (c.  =  1  -  w//W*),  where 
the  axes  are  normalized  to  the  plasma  frequency  w,  and 
tbe  corresponding  optical  wave  vector  (h,  =  Wp/b).  Abo 
shown  as  two  vertical  dashed  lines,  correspcmdUng  to  tbe 
n  =  ±1  orders  in  Eq.  (2),  are  the  wave  vectms  of  a  surface 
grating.  Finally,  the  wave  vectors  accessiUe  in  the  n  =  0 
and  n  -  ±1  orders  by  variations  in  the  angle  of  incidence 
are  shown  as  horizontal  lines.  This  figure  was  drawn  for 
a  grating  period  smaller  than  the  optical  wavelength 
(X/d  >  1);  note  that  there  is  only  one  point  that  satisfies 
Eq.  (2),  for  n  «  -1,  and  at  this  incident  an^e  there  u  no 
allowed  diffraction  order. 

In  1967  Teng  and  Stem  first  detected  SPW’s  optically 
by  bombarding  1200-line/mm  (833-nm-period)  gratings 
with  10-k^  electrons  and  observing  the  emitted  optical 
radiation.*  They  observed  that  the  Une  shape  of  the 
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WAVE  VECTOR  (ky  /  kp) 

Fig.  1.  Dupersion  relation  of  SPW’a  for  a  loesless,  free-electron 
metal  (e  =  1  -  The  axes  are  normalized  to  a,  and 

kf  =  a>,/e.  The  grating  wave  vectors  corresponding  to  n  =  ±1 
order  of  a  grating  of  period  d  are  shown  as  vertical  dashed  lines, 
liie  rsmge  of  srave  vectors  accesaiUe  hy  variations  in  the  input 
an^e  from  normal  to  gruing  incidence  for  n  =  0  and  a  =  ±1  is 
shown  as  horizontal  lines.  Note  that  for  this  choice  of  parame¬ 
ters  (A/d  <  1)  there  is  only  one  SPW  coupling  resonance,  and  at 
thi*  resonance  ao(dc  there  is  no  propagating  diffraction  order. 

emitted  radiation  was  influenced  the  surface  condition 
of  the  metal  but  was  independent  of  the  energy  of  the  bom¬ 
barding  electrons.  Cowan  and  Arakawa  carried  out  a 
detailed  study  of  the  SPW  dispersion  curves  for  dielectric- 
metal  layers  on  concave  diffraction  gratings  and  also  de¬ 
veloped  a  quantum-mechanical  formalism  to  describe 
their  results.*  Hutl^  and  co-workers  published  in  1973  a 
detailed  experimental  study  of  ^  anomalies  of  sinusoidal 
profile  gratings  as  a  function  of  grating  depth'*’**  and 
characterized  the  SPW  line  shapes  for  grating  depths 
h  ranging  up  to  60  nm  for  OOO-nm-period  gratings  (h/d  s 
0.12).  The  integral  formalism  devel(q>ed  by  Petit  and 
others'*  was  used  to  describe  these  results  with  good 
agreement.  Pockrand  and  Raether,  in  an  extensive  series 
of  publicatimis,'*''*  characterized  the  SPW  coupling  as  a 
function  of  grating  period,  depth,  and  profile.  The  grat¬ 
ings  studied  were  sufficiently  deep  for  better  than  98% 
coupling  into  the  SPW  mode  to  be  realized.  A  perturba¬ 
tion  analysis,  developed  by  Kroger  and  Kretschmann,** 
was  used  in  modeling  these  results  with  good  agreement, 
although  clear^  the  perturbation  approach  must  break 
down  as  the  couiding  efficient  appnwches  100%^  A  com- 
(dete  theoretical  treatment  of  grating  co<q>ling  to  SPWs 
was  provided  by  Mills  and  co-wmkers.*^  Their  approach 
uses  an  integral  formulation  of  the  boundary-value  prob¬ 
lem  at  the  grating  interface  and  an  extinction  theorem 
T»Mwhiiniam  following  from  Green’s  theorem  that  was  first 
applied  by  Toigo  et  al.**  The  latter  stu<ly  does  not  give 
simple  analytic  results  but  relies  on  extensive  compu¬ 
tational  and  numerical  evaluation.  Glass  et  al.**  and 


Weber**  simplified  this  treatment  by  developing  a  renor¬ 
malized  mode-coupling  theory  that  retained  the  resonant 
tenns  and  treated  all  other  terms  within  perturbati<m 
theory.  Hkma'ihita  and  Tiqp**  independently  developed  a 
differential  formulation  that  treats  the  resonantly  gener¬ 
ated  fields  on  a  par  with  the  incident  fields  and  allows  for 
saturation  and  decreases  in  coupling  with  increasing  grat¬ 
ing  depths.  They  enq>layed  a  power-series  expansion  in 
koh  and  restricted  their  study  to  small  grating  ampli¬ 
tudes;  simple  ana^ic  expressions  were  obtained  for  the 
coupling  strength  as  a  function  of  h. 

In  this  paper  a  comprehensive  experimental  and  theo¬ 
retical  study  of  first-order  grating  coupling  to  SFW’s  fen*  a 
wide  range  of  grating  parameters  is  presented.  The  ex¬ 
perimental  results  establish,  for  the  first  time  to  our 
knowledge,  a  relationship  between  grating  depth  and 
grating  period  for  SPW  coupling  and  extend  to  grating 
depths  that  no  longer  support  SPW’s  but  rather  show 
polarization  and  absorption  effects.  The  theoretical  ap¬ 
proach  is  an  extension  of  the  Rayleigh  hypothesis  includ¬ 
ing  only  resonant  terms  in  the  Rayleigh  expansion  (cf. 
Refs.  23-25).  This  results  in  considerable  simplification; 
reasonable  agreement  between  theory  and  experiment  is 
found  out  to  depth/period  ratios  of  —0.5.  Gupta  et  of.** 
used  a  similsir  approach  to  describe  grating  coupling  to 
long-range  SPW  modes  on  thin,  eymmetrically  bounded, 
metal  films. 


Gratings  were  fabricated  holograjbicalfy  in  positive  pho¬ 
toresist  layers  qpun  onto  Si  substrates  with  tlm  use  of  the 
488-nm  line  from  a  8in|de-mode  Ar-ion  laser.  The  details 
of  the  grating  fabrication  were  presented  elsewhere.** 
The  grating  profiles  were  approximately  sinusoidal  for 
shallow  depths,  evolving  toward  rectangular  profiles  as 
the  depth  was  increased  (cf.  Pig.  4  below).  Aft^  develop¬ 
ment  these  gratings  were  coated  with  ~100-nm-thi^ 
electron-beam  evaporated  Ag  nims.  Films  were  de¬ 
posited  at  room  temperature  and  at  background  pressures 
of  low  10"*  Torr. 


All  of  the  measurements  reported  here  are  of  the  angnUr 
dependence  of  the  zero-order  reflectance  for  a  fixed- 
frequency  TM-polarized  He-Ne  las  r  beam  at  633  nm. 
The  samples  were  mounted  as  one  sm  ’see  in  a  90*  comer 
reflector  attached  to  a  computer-cmitrcdled  rotatko  stage. 
This  arrangement  ensured  that  the  reflected  beam  was 
always  returned  in  the  same  direction  and  diminated  the 
necessity  of  a  second  rotation  stage  for  the  detectm*.  The 
incident  laser  beam  was  focused  with  a  long-focal-length 
(0.5-m)  lens  to  a  spot  of  -2  mm.  This  provided  an  angu¬ 
lar  limitation  of  0.05*,  much  smaller  than  the  observed  re- 
flectaiKe  variations.  Care  was  taken  with  the  alignment 
to  ensure  that  the  axis  of  the  rotation  stage  was  in  the  plane 
of  the  grating  so  that  the  laser  spot  sampled  the  same  area 
of  the  grating  throughout  a  scan.  Grating  depths  were 
measured  in  cross  section  with  a  scanning  electron  micro¬ 
scope  (SEM).  This  introduces  some  errors,  estimated  at 
±5  nm,  owing  to  uncertainties  in  the  SEM  calibratioo 
and  variations  in  the  grating  depth  for  the  different  areas 
sampled  in  the  optica)  and  SEM  measurements. 
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Fig.  2.  Zenxirder  reflectance  at  633  nm  for  SlO-nm-period 
gratings  with  varying  grating  depths.  The  left  side  [(aHd))  pre- 
■enU  experiment^  results;  the  right  side  [(e)-<h)l  presents  theo¬ 
retical  modeling.  See  the  text  for  detafla. 


EXPERIMENTAL  RESULTS 
Zero-order  reflectance  measurements  for  a  series  of  510- 
nm  gratings  with  increasing  depth  are  shown  on  the  left- 
hand  side  of  Fig.  2.  The  theoretical  modeling  shown  on 
the  right-hand  side  will  be  discussed  below.  The  major 
features  to  be  noted  in  these  measurements  include  tbe 
following: 

(1)  The  excitation  of  SPIV'S  at  6  -  11.6*  corresponding 
to  the  sharp  dip  in  the  reflectivity  (note  that  there  is  no 
diffracted  order  at  this  angle,  so  that  this  decrease  corre¬ 
sponds  directly  to  energy  coupled  into  the  SPW  mode), 

(2)  The  rapid  increase  in  coupling  efllciency  with  in¬ 
creasing  grating  depth  to  a  maximum  observed  coupling 
of  94%  at  a  grating  depth  of  35  nm, 

(3)  The  horizon  for  the  n  =  -1  diffracted  order  at 
0  —  13.8*  (this  is  apparent  as  the  cusp  in  the  reflectivi^ 
as  energy  is  transferred  from  the  specularly  reflected 
beam  to  the  diffracted  beam). 

.Qiiritlar  results  for  deeper  gratings  are  presented  on  the 
left-hand  side  of  Fig.  3.  Note  the  larger  angular  scale 
in  thi«  figure.  Specific  features  to  be  noted  include  the 
following: 

(1)  The  relatively  gradual  decrease  in  the  coupling  effi¬ 
ciency  of  SPWs, 

(2)  Tbe  clear  broadening  of  tbe  SPW  resonance  with  in¬ 
creasing  depth. 


(3)  The  shift  in  the  SPW  resonaiKe  to  smaller  angles 
with  increasing  depth, 

(4)  The  residual  SPW  coupling  even  at  large  grating 
depth/grating  period  ratios, 

(6)  The  increasing  coupling  to  the  ii  «  -1  diffraction 
order.  (The  sharp  sp  ke  at  ~38*  corresponds  to  the  collec¬ 
tion  of  the  n  =  -1  diffraction  order  in  the  optical  system 
and  is  not  part  of  the  zero-order  reflectance.  It  does  pro¬ 
vide  a  useful  monitor  of  the  energy  in  the  diffracted  order.) 

SEM  images  of  the  gratings  used  fw  the  measurements 
of  Pig.  3,  taken  in  cross  section,  are  she  v.-n  in  Fig.  4. 
Note  that  the  grating  slu^iee  are  siniu^idal  at  low  depths 
bu-  gradually  show  increasing  harmonic  components  and 
trend  toward  rectangular  profiles  for  the  deepest  gratings 
investigated.  This  profile  modification  results  from  the 
grating  fabrication  technique.” 

Similar  experiments  were  performed  for  gratings  with 
periods  of  392  and  440  nm,  in  an  investigation  of  the  de¬ 
pendence  of  the  coupling  efficiency  on  grating  depth  and 
grating  period.  All  the  e*  peri  aents  were  carried  out  at  a 
wavelength  of  633  nm,  in  av->idance  of  variations  in  the 
metal  optical  properties.  Qualitatively  similar  behavior 
was  observed,  with  comparable  couj^ng  efTiciencies  oc¬ 
curring  at  shallower  grating  depths  for  finer  gratings. 
Experimentally  determined  coupling  efi^iciencies,  reso¬ 
nance  angles,  and  resonance  linewidths  for  all  three  sets 
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Fig.  3.  Continuation  of  Fig.  2  for  deeper  gratii^  Note  the  ex¬ 
panded  angular  teak.  Again,  the  left  side  [(aHd)^  pfese:>U  ex¬ 
perimental  resulU;  the  ri^  ride  [(eHh)k  theoretical  mo«ti.ling 
The  sharp  spikes  on  the  experimental  data  at  -3^  correspond  to 
the  n  •  -1  diffractioa  order  entering  the  collection  optics  and 
are  not  a  part  of  the  sero-order  refleriivity. 
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Fig.  8.  of  Fig*.  5-7  for  the  SPW  reaonance  angle,  the  reao- 

Unewidt^  and  the  coupling  efficiency  replotted  againat  the 
dimensionless  parameter  fc/i.  Note  that  this  parameter  is  ap¬ 
proximately  invariant  for  these  three  grating  periods. 


of  gratings  are  presented  in  Figs.  5^  6,  and  7,  resp^iveb^. 
The  solid  curves  are  theoretical  and  will  be  discussed 
below.  With  increasing  grating  depth  each  of  the  data  sets 
displays  an  initial  rapid  increase  in  coupling  efficiency, 
plating  at  over  9<Wh  and  a  slower  decrease  in  efliciency; 
an  approximately  quadratic  decrease  in  the  resonant  cou¬ 
pling  angle;  and  an  approximately  quadratic  increase  in 
the  resonance  width. 

These  results  are  stunmarized  in  Fig.  8,  adiich  shows  all 
three  sets  of  data  {dotted  against  the  dimensionless  pa¬ 
rameter  h/d,  in.,  grating  dqjth/grating  period.  Within 
experimental  uncertainties  these  results  appear  to  follow 
a  behavioT.  Some  of  the  variability  may  weD 

arise  from  differing  grating  proflles,  especially  for  the 
deeper  gratings. 

Further  increases  in  grating  depth,  accompanied  by  • 
change  in  profile  to  rectangular,  to  an  elimination  of 
SPW  effects.  For  apfnoximately  square  gratings  strong 
polarization  effects  demonstrate  the  possibility  of  the  fab¬ 
rication  of  reflective  pdarizers  for  visible  radiation.  This 
is  shown  in  Fig.  fll  sriiere  reflectance  scans  for  the  three 
grating  periods  are  given  fw  depths  of  200  run  (392-nm 
period),  170  nm  (440-nm  period  and  190  nm  (610-nm 
period),  which  resulted  in  maximum  polarization  effects. 
Note  for  TM  polarizatkm,  almost  100%  of  the  inci¬ 
dent  energy  (-96%  for  the  510-nm-period  grating)  is  cou¬ 
pled  into  the  first-order  diffraction  peak  for  angles  beyond 
the  horizon  for  this  order.  In  contrast,  only  approxi¬ 
mately  20%  of  the  energy  polarized  in  the  TE  direction  ia 
qniptH  out  of  the  zero-cailer  reflected  beam.  Careful 


variations  of  grating  depth  and  profite  must  be  investi¬ 
gated  for  optimization  of  the  polarization  of  the  reflected 
beam.  Such  polarization  behavior  for  square  gratings 
was  predicted***  and  demonstrated  in  the  infrared**;  to 
our  knowledge,  though,  this  is  the  first  observation  of 
these  effects  in  the  visiUe  spectral  region.  SEM  pictures 
of  the  gratings  are  shown  in  Fig.  10. 

Further  increases  in  grating  depth  result  in  rectangu¬ 
lar  profiles  with  decreasing  lin^space  ratios.  Angular  re¬ 
flectance  scans  for  deep  rectangular  gratings  are  shown 
in  Fig.  11  [(a)  320-nm  depth,  392-nm  period;  (b)  330-nm 
depth,  440-nm  period;  (c)  300-nm  depth,  510-nm  period]. 
There  is  a  broad  absorption  of  TM-polarized  radiation, 
while  a  large  diffraction  efficiency,  increasing  with  in¬ 
creasing  periods,  is  observed  for  TE  polarization.  Fig¬ 
ure  12  shows  SEM  pictures  of  these  gratings. 


THECWY 

During  the  past  thirty  years  many  grating  theories  based 
on  the  vector  character  of  the  electromagnetic  field  have 
been  developed.  An  ezceUent  summary  can  be  found  in 
Refs.  6, 13,  and  20.  Integral  methods,  develi^ied  by  Petit 
and  others,  evaluate  the  Held  at  any  point  in  terms  of 
an  integral  over  the  grating  surface  A  (cf.  Fig.  13).  A 
variation  of  these  integral  techniques  based  on  a  Green’s- 
function  formalism  specifically  directed  to  the  evaluation 
of  the  SPW  dispersion  relation  on  a  periodic  surface  was 
extensively  developed  hy  Mills  and  co-workers**^’  and 
Otagawa.”  In  addition,  a  differential  formalism,  devel¬ 
oped  by  Nevierre  et  was  applied  to  SPW's  on  a  peri- 
o^c  surface  1^  Numata.**  All  these  approaches  are  fully 
rigorous,  hold  for  arbitrary  imflles,  and  require  exten- 
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yig.  St  Sequence  of  tero-order  reflectance  scans  for  approxi¬ 
mately  square  gratings  (h/i  ~  0.6)  showing  strong  polarizing 
effects;  (a)  k  *  300  nm,  d  >  392  nm;  (b)  k  *  170  am,  d  * 
440  nm;  and  (e)  k  *  190  nm,  d  «  510  nm. 
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tive  computation,  typically  involving  matrices  of  order  40 
or  higher. 

A  n»««"hgr  of  differential  ane^yses,  usually  based  on  a 
perturbation  expansion  in  ioh,  where  h  is  the  grating 
depth,  and  relying  on  a  Rayleigh  w  idane-wave  approach 
have  also  been  presented.’*^  In  these  treatments  the 
scattered  field  amiditudes  are  also  treated  as  small  quan¬ 
tities.  of  the  order  ofkth  times  the  incident  and  reflected/ 
transmitted  field  amplitudes.  These  models  have  the 
virtue  of  relatively  simple  analytic  results  and  ready  physi¬ 
cal  interpretation.  These  perturbational  approaches 
dearly  break  down  as  the  coupling  eflkiencies  into  SPW 
modes  and  diffraction  orders  approach  unity,  since  they 
do  not  self-consistently  describe  the  necessary  decrease 
in  the  zero-order  reflected  and  transmitted  beams. 
YamashiU  and  Tsqji**  treated  the  coupling  problem 
within  the  Rayleigh  hypothesis  Without  making  the  smaD- 
approximation  for  the  resonant  scattered  fields; 


however,  their  treatment  retained  the  expansion  in  kth, 
which  limits  its  applicability  to  larger  grating  amj^tudes. 
Neverthdesa,  tb^  model  provided  an  degant  analytic 
result  that  induded  the  quadratic  increase  in  the 

SPW  intensity  with  grating  depth  for  shallow  gratings, 
the  saturation  of  the  SPW  intensity  at  a  coupling  ttfi- 
den^  near  100%^  and  a  gradud  deoease  of  the  coiqiling 
foe  deeper  gratings  as  the  energy  is  coupled 
back  into  the  radiating  fields,  in  qualitative  agreement 
with  the  experimental  results  presented  above.  Hifeber** 
presented  a  related  analysis,  based  on  the  extinction  theo¬ 
rem,  that  retains  the  nonresonant  terms  in  a  perturbation- 
theory  expansion  in  koh  while  also  keeping  the  resonant 
terms. 

These  models  begin  with  a  time-harmonic,  plane-wave 
expansion  of  the  electromagnetic  field  in  the  r^ona  out¬ 
side  the  grating  kerf  (z  <  0  and  z  >  h.  Fig.  13);  the  mag¬ 
netic  fields  of  the  TM-polarized  fields  are  given  by 

B*  =  B*e.  =  {exp(i(*,y  +  *.z)] 

+  2  exp[i(k,y  ~  a,z)J}e„  z  <  0  (3a) 


and 


B"  =  S*e,  =  2  fi".  +  /5.«)K. 

z  >  h,  (3b) 

where  *,  =  kp  sin  9,  k,  =  kp  cos  9,  k,  =  k,  +  ng, 
n  -  0,  ±1,  ±2, . . . ,  g  =  2ir/d  is  the  grating  wave  vector 
with  d  the  grating  period,  o,  =  i(***  -  *o*)*^.  - 
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ng.  IL  Sequence  of  sero-order  rofleetaiies  scans  for  deeper 
rectangular  grstingi  {k/d  -  1)  showing  straag  dworptioo  effects: 
(s)  h  >  320  nm,  d  »  SOT  nm;  (b)  fc  >  330  mn,  d  >  440  nin;  and 
(c)  h  *  300  nm,  d  <■  510  bsil 


776  J.Opt.Soc.AiB.BnM.6.No.4A|>rill»9l 


Zaidicfo/. 


and  Cadilhac**  showed  that  for  TE  polarization  the  Ri^ 
leigh  expansion  is  oonveigent  for  kjd  <  0.14,  and  points 
out  that  reliable  results  could  be  obtained  even  tot  hfd  val¬ 
ues  as  great  as  twice  this  limit.  A  detailed  anatysis  of  the 
applicability  of  the  Raleigh  hypothesis  to  real  materials 
was  recent^  presented.**  Glass  et  tU.**  pointed  out  that 
the  extinction  theorem  formalism  leads  to  the  identical 
dispersion  relati<m. 

The  tpproach  used  here  in  the  comparison  with  experi¬ 
ment  is  to  api^  the  Rayleigh  hypothesis  for  TM-poIarized 
input  radiation.  For  the  gratings  used  in  these  experi¬ 
ments,  h/d  extends  to  0.8,  although  detailed  comparisons 
are  attempted  only  to  ~0.3.  The  calculation  does  not 
make  a  small-signal  ai^sroximation  for  either  the  grating 
depth  or  the  diffracted  Held  amplitudes.  The  plane-wave 
expansion  [Eqs.  (3)]  is  truncated  by  rhe  retention  of  reso¬ 
nant  terms,  e.g.,  a  =  0  and  n  =  -L  In  addition,  the  next 
terms,  n  =  -2  and  n  =  +l  are  retained  in  the  numerical 
evaluations  and  are  determined  to  be  small  relative  to  the 
resonant  terms.  Energy  conservation,  i.e.,  a  constant 
total  of  the  energies  in  the  diffracted  beams  and  absorbed 
in  the  metal,  is  used  as  a  further  check  on  the  calculation. 

Thus  Eq.  (3)  is  assumed  to  hold  up  to  the  grating  sur¬ 
face  defined  by 

Ay)  =  u  sinfgy),  (4) 

where  u  =  h/2  is  the  grating  amplitude.  Using  the  gener¬ 
ating  function  for  Bessel  functions,  we  can  write 


0  o  0  0  r.  V  ;■ 


Fig.  12.  pictures  of  the  gratings  used  for  the  measure¬ 

ments  «^Fig.  u. 


Fig.  13.  Geometry  used  in  the  enelysis. 


.-  e.ko*)'®.  and  e.  is  the  metal  dielectric  constant 
Within  the  grating  kerf  (0  <  z  <  A),  the  validity  of  this 
expansion  is  not  well  established.  Rayleigh  made  tiie 
assumption,  known  as  the  Rayleigh  hypothesis,  that  for 
sufficiently  shallow  gratings  tUs  expansion  is  vsdid  every¬ 
where.  This  hypothesis  was  investigated  fay  Vkn  den 
aiKl  Fokkema**  and  shown  to  be  analytically  correct;  Petit 


Applying  these  boundary  conditions  leads  to  an  infinite 
s^  of  coupled  linear  equations: 


(8) 

and 

(*•  ■ 

X  (e.u)  -  i  -  0, 

(9) 

where  p  and  n  are  integers  extending  from  -•  to  -fw. 
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Fig.  14.  Comparison  of  (a)  calculations  of  Garcia*  with  [(b)-(e)] 
present  calculations  for  800-nm-period  Au  gratings  at  633  nm 

(A|  *  A/2«0- 


Note  that  DO  small'signal  ai^roximation  was  made  in  the 
derivation  of  these  equations.  These  equations  are  now 
truncated  by  the  retention  of  only  the  flelds  for  n  =  0  and 
n  a  -1,  the  reflected/transmitted  and  resonant  diffracted 
terms,  which  are  expected  to  be  laige  based  on  phase- 
wmfAing  arguments  (cf.  Eq.  (2)  and  Fig.  1].  In  addition, 
the  fields  for  n  =  +1  and  n  =  -2  were  retained  as  a  check 
on  the  convergence.  The  relative  field  intensities  for 
two  orders  for  a  SlO-nm-period  grating  at  a  depth  of 
22  nm  were  0.017  and  0.0018,  respectively,  lending  sui^rt 
to  truncation  procedure.  This  le^  to  solving  an 
8x8  matrix  inversion  for  the  field  intensities. 

tying  the  Green’s-function  approach  devel(q>ed  by  Tbigo 
cf  o/.,**  Garcia  evaluated  the  fields  and  line  shape  tar 
sinusoidal  gratings.**  The  results,  obtained  fay  the  inclu- 
sioo  rf  60  terms  in  the  numerical  analysis,  are  shown  in 
Fig.  14(a)  for  parameters  appro|H‘iate  to  an  800-nm-period 
Au  grating  of  various  depths  hi  —  hf2d.  For  this  grating 
period  and  wavelength  (633  nm),  X/d  <  1,  and  there  are 
two  possible  propagating  diffraction  orders.  The  reso¬ 
nance  shown  in  Fig.  14  corresponds  to  the  n  «  4-1  SPW 
coupling;  there  is  also  a  propagating  n  »  -1  diffraction 
order  throughout  this  angular  range.  The  numbers  label¬ 
ing  the  SPW  curves  in  the  figure  represent  the  relative 
intensity  of  the  mode.  The  results  from  the  present  treat¬ 
ment  for  the  same  parameters  are  shown  in  Figs.  14(b)- 
14(d).  Note  the  overall  similarity  of  the  calculated 
intensities  and  line  shapes.  Interestingly,  the  largest 
discrepancy  is  for  the  shallowest  grating,  hi  «  0.01,  ediere 


the  present  calculation  yields  a  SPW  intensity  that  is 
24%  larger  than  the  more  rigorous  calculation  of  Garcia.** 
For  deeper  gratings  the  agreement  is  generally  within 
10%.  A  similar  result  was  found  by  Weber**  in  his  devel- 
(^ment  of  a  coupled-mode  analysis.  This  comparison 
indicates  that  despite  the  relative  simplicity  of  the  fivmu- 
lation  the  present  model  provides  sul»tantial  insight  into 
SPW  coupling. 

COMPARISON  OF  THEORY 
AND  EXPERIMENT 

The  initial  step  in  a  comparison  of  this  model  with  the  ex¬ 
perimental  results  is  the  establishment  of  the  deposition- 
dependent  dielectric  properties  of  the  Ag  fihns.  Various 
values  of  the  Ag  dielectric  constant  at  a  633-nm  wave¬ 
length  have  been  reported,  vis.,  (-16.4,0.54),** 
(-17.S10.49X*  and  (-18.912.35).**  As  is  reflect^  in  this 
wide  dispersion  of  reported  values,  the  dielectric  prop>- 
erties  of  thin  flims  are  dependent  on  deposition-  and 
substrate-dependent  columnar  structure,  granularity, 
subidea)  density,  and  incorporated  impurities.  Given  this 
uncertainty,  t^  ai^roach  adopted  here  is  to  adjust  the 
dielectric  properties  to  obtain  a  best  fit  to  the  experimen¬ 
tal  result  for  a  single  grating  [510-nm  period,  22-nm  depth; 
Fig.  2(c)],  adiich  gives  a  value  of  (-13.6510.82);  this  value 
was  used  for  all  the  comparisons  between  theory  and 
experiment  The  fit  for  tl^  grating  is  shown  in  Fig.  15; 
excellent  agreement  is  obtained  for  a  calculated  depth  of 
19  nm.  In  subsequent  measxuements,  which  will  be  re¬ 
ported  in  detail  elsewhere,  the  dielectric  properties  of  Ag 
nims  deposited  on  Si  subslrates  under  identi^  conditions 
were  determined  independently  by  ellipsometric  tech¬ 
niques  to  be  (-12.R0.76),  within  7%  of  the  values  obtained 
here.  The  grating  fabrication  and  the  film  deposition  in¬ 
volved  in  the  present  study  carried  out  over  a  period 
of  several  months,  and  dtyosition  conditions  and  the  re¬ 
sulting  film  properties  invariably  drift  over  this  time 
period;  no  w^ustment  was  made  in  the  dielectric  values 
used  in  the  comparison  between  theory  and  experiment 


INCIDENT  ANGLE  (deg) 

Fig.  1&  Cakultted  zero-order  reflectivity  SPW  resonance  line 
•h^ee  for  c  *  (-13.650.82)  at  grating  depth  A  >  19  nm.  The 
experimental  rmult  (A  >  32  nm)  is  shown  as  tbs  solid  curve. 
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Fig.  16.  Calculated  SPW  resonance  parameters  platted  aghast 
the  dinoensiooless  parameter  h/d. 


Comparisons  with  the  experimental  results  are  shown 
on  the  ri^t-hand  sides  of  Figs.  2  and  3.  In  each  case  the 
grating  depth  for  the  calculation  is  a4iusted  to  give  cou¬ 
pling  efficiencies  that  match  the  experimental  results. 
There  is  overall  excellent  agreement.  For  the  deepest 
grating  shown  experimentally,  h  »  145  nm,  there  is  a 
substantial  difference  with  the  model  that  is  probably 
associated  with  the  significant  deviation  from  a  sin:^>te 
sinusoidal  profile  at  this  depth  (cf.  Fig.  4).  Figures  5-7 
iwesent  the  model  results  along  with  the  experimental 
data  for  the  coupling  efficiency,  the  resonance  anj^  and 
the  resonance  Unewidth  for  all  three  grating  periods  inves¬ 
tigated.  There  is  an  exceQent  qualitative  match  between 
theory  and  experiment.  The  most  significant  deviation, 
that  for  the  Unewidth  of  the  440-nm-period  gratings,  is 
most  probably  due  to  a  variation  in  the  film  dielectric 
properties  for  this  set  of  gratings.  The  coupling  efTicien- 
des  first  increase  rapidly  as  the  grating  depth  is  increased, 
saturate  near  100%  coiq>Ung,  and  then  decrease  as  the 
resonance  becomes  overcoupled  owing  to  radiative  damp¬ 
ing  back  into  the  zero-order  radiation  fields.  This  cou¬ 
pling  change  is  accompanied  by  ipproximately  quadratic 
changes  in  the  resonance  an^e  a^  Unewidth  with  in¬ 
creasing  grating  depth.  RemarksUy  similar  quaUtathre 
behavior  eras  predicted  by  Weber  and  Mills”  in  their 
numerical  anal^is  of  grating  coupling  for  800-nmi>eriod 
Ag  sawtooth  gratings.  They  eviduated  the  third-order 


coupling  at  A  s  480  nm  and  found  a  maximum  coupling 
strength  for  grating  depths  of  40-60  nm. 

The  model  results  are  summarized  in  Fig.  16,  vdiidi 
shows  the  calculated  resonance  angle,  resonance  Une¬ 
width,  and  coupUng  strength  plotted  against  the  dimen¬ 
sionless  parameter  kfii  for  the  three  grating  periods 
investigated.  For  evaluation  of  the  coiqding  efficiency 
this  parameter  is  reasonably  invariant;  there  are  more 
significant  deviations  in  the  evaluation  of  the  resonance 
line-shape  parameters. 

Overall,  this  simple  model  provides  a  good  picture  of  the 
experimentaUy  observed  resonance  variations.  Disagree¬ 
ments  between  theory  and  experiment  increase  for  deeper 
gratings  and  larger  periods.  A  significant  phenomenon 
not  included  in  the  theoretical  model  is  the  deviation  from 
sinusoidal  grating  profiles,  which  increases  as  the  grating 
depth  is  increased  and  also  is  more  significant  for  larger 
grating  periods.  The  films  also  exhibit  significant  sur¬ 
face  roughness  (see  Fig.  4),  whidi  has  not  been  included  in 
the  model  and  may  influence  the  observed  line  sh^)e8. 

Calculated  zero-order,  TM-polarization  reflectivity 
curves  for  deeper  gratings,  up  to  h/d  —  1,  are  shown 
in  Fig.  17.  Again,  there  is  go^  qu^itative  agreement 
with  the  large  coupling  into  the  diffraction  order  for 
deep  gratings  (h/d  ~  0.5),  although  detailed  comparisons 
are  not  possible  because  of  the  strong  deviation  trom  a 
simple  sinusoidal  profile  of  the  experimental  gratings. 
The  model  does  not  show  the  absorption  oi  TM-polarized 
radiation  seen  experimentally.  A  detailed  comparison 
with  experiment  requires  de^  sinusoidal  gratings,  whidr 
are  inherently  difficult  to  fabricate  because  of  the  strong 
nonlinearities  of  existing  {drotoresists.**  More  nearly 
sinusoidal  gratings  can  be  fabricated  on  a  transparent 
substrate;  research  continues  in  the  pursuit  of  a  better 
experimental  test  of  the  model  for  deep  gratings.  The 
theoretical  model  loses  much  of  its  simplicity  for  rectan¬ 
gular  gratings,  where  many  Fourier  components  of  the 
grating  profile  are  comparable  in  intensi^. 


INCIDENT  ANGLE  (deg) 

Pig.  17.  Calculated  (eroerder  reflectivity  for  deep  (h/d  -  1)  ti- 
misoidal  gratings  in  TM  poIarizaUon  (d  >  510  nm). 
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SUMMARY 

A  systematic  experimental  and  theoretical  stucfy  of  first- 
order  grating  coupling  to  SPWs  existing  at  an  air-Ag 
interface  was  reported.  The  experiment  extends  the 
range  of  investigated  grating  depths  to  h/d  —  1.  For  TM- 
poiarized  incident  radiation  this  includes  the  entire  range 
of  SPW-radiation  ooimUng— from  underdamped,  to  nearly 
100%  coupling,  to  overdamped  and  the  ultimate  di8a{^>ear- 
ance  of  the  SPW  resonance  from  the  observed  zero-order 
reflectaiKe.  Strong  polarization  and  absorption  effects 
are  observed  for  the  deepest  gratings.  A  simple  theoreti¬ 
cal  model,  based  on  the  Rayleigh  hypothesis  and  retaining 
onfy  resonant  diffraction  terms  without  making  a  small- 
sig^  ai^roximation,  provides  good  agreement  with  the 
experimental  results. 

Several  extensions  of  this  work  are  immediately  aj^mr- 
ent.  For  larger  grating  periods  there  are  more  diffrac¬ 
tion  orders  and  SPW  coupling  resonances.  Interesting 
couiding  effects  occur  when  two  of  these  resonances  occur 
at  approximately  the  same  angle.  These  effects  have 
been  investigated  experimentally  and  theoretically  and 
will  be  reported  in  a  subsequent  publication.  In  addition, 
the  SPW  resonance  can  be  used  to  characterize  metal  op¬ 
tical  constants  under  a  variety  of  deposition  conditions. 
A  study  >>  under  way  that  compares  this  technique  with 
more  conventional  techniques  such  as  ellipsometry. 
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For  grating  periods  larger  than  the  excitation  wavelength,  muhiple-giating  ordeia  couple  incident  optical  radia¬ 
tion  to  the  surface  plasma  waves  (SPW'a)  characteristic  of  the  metal-air  interface.  For  a  grating  period  that  is 
an  integral  multiple  of  the  wave  vector  of  these  surface  modes,  two  resonances  become  dq^erate  in  coupling 
angle.  There  are  also  permitted  diffraction  orders  at  this  coupling  an^e.  The  vicinity  of  this  multi]de-mode 
coupling  resonance,  whme  several  free-space  electromagnetic  modes,  as  weD  as  two  surftu^e  modes,  are  coupled 
by  different  orders  of  a  grating,  is  known  as  a  minigap  region.  Not  surprising,  the  re^nae  surface  diqdssyt 
coicqilez  dependences  on  frequency,  angle,  and  grating  profile.  A  detail^  experimental  and  theoretkal  stii^y  is 
presented  of  the  optical  response  at  633  nm  in  the  (4-1,  -2)  minigap  region  for  Ag  films  deposited  on  photolitho- 
graphkally  defined  870-nm-period  gratings.  Meastirementa  of  b^  the  O-order  reflectance  and  the  -l-order 
difAaction  are  presented  for  a  wide  progression  of  grating  depths.  The  SFW  resonances  depend  on  the  gratii^ 
depth,  and  this  variation  is  used  to  tune  throu^  the  minigap  region  for  a  fixed  wavelength  and  period.  Simi¬ 
lar  measurements  are  fwesented  for  a  ain^  grating  as  a  function  of  wavelength  throu^  the  minigap  region. 
In  both  measurements  the  0-order  response  shows  only  a  single  broad  minimum  as  the  resonances  approach 
degeneracy,  while  the -1-order  diffraction  shows  clearly  defin^  momentum  gape.  A  simple  theontical  model 
baaed  on  tite  Rayleigh  hypothesis  is  presented  that  gives  a  good  qualitative  picture  of  the  response:  The  re¬ 
sponse  surfaces  are  sensitive  to  the  grating  profile,  and  detailed  modeling  requires  inclusion  of  higher-order 
grating  conqwnenta. 


1.  INTRODUCTION 

Optical  interactions  with  metallic  gratings  have  long  fas¬ 
cinated  scientists.  Wood’s  initial  observations  of  grating 
anomalies'  were  classified  by  Fano*  into  (1)  diffraction 
anomalies  associated  with  the  redistribution  of  energy 
among  diffraction  orders  when  one  order  passes  over  the 
horizon  (i.e.,  the  propagation  direction  reaches  an  angle  of 
90*  to  the  grating  normal)  and  (2)  resonance  anomalies 
associated  with  the  propagation  of  guided  waves  along  the 
grating  interface.  A  large  bo4y  of  experimental  aitd  theo¬ 
retical  research  relating  to  optical  interactions  with  peri¬ 
odic  surfaces  has  been  accumulated.^^  This  paper  is 
concerned  with  resonance  anomalies  and  is  focused  on  the 
propagation  of  guided  waves,  known  as  surface  plasma 
waves  (SPW’a),  on  bare  metallic  surfaces. 

For  grating  periods  less  than  the  excitation  wavelength, 
only  first-order  coupling  to  SPW’a  is  permitted  and  has 
been  described  in  detail  elsewhere.*  For  grating  periods 
larger  than  the  incident  wavelength  it  is  possible  to  coiqile 
to  SPW’a  in  higher  orders  and  to  observe  electromagnetic 
interactions  between  these  couplings.  These  interactions 
are  the  nu^  focus  of  this  ps^r.  The  first  experimental 
evidence  of  these  interactions  between  different  coupling 
orders  was  provided  fay  Stewart  and  Callaway,*  who  ob¬ 
served  that  in  some  cases  Wood’s  anomalies  did  not  become 
coincident  but  rolled  each  other  as  the  <^tical  wave¬ 
length  was  varied  to  bring  the  resonances  cloMr  together. 
Ritchie  et  al.'  also  observed  gaps  in  the  dispersion  relation 
of  the  SPW’a  and  attributed  them  to  hi^ier-order  interac¬ 
tions  between  SPW’a.  Hutley*  and  Huttey  and  Bird*  car- 
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ried  out  a  detailed  experimental  study  of  the  anomalies  of 
sinusoidal  diffraction  gratings  in  t^  visible  spectrum. 
The  anomalies  were  characterized  in  a  Littrow  configura¬ 
tion  as  a  function  of  groove  depth,  period,  and  wavelength, 
and  in  some  cases  a  reluctance  of  anomalies  to  merge  was 
observed.  Kroo  et  o/.'*  observed  similar  gape  in  the  dis¬ 
persion  relation  of  SPW’a  in  metal-ozide-metal  structures 
and  attributed  them  to  the  crossing  of  (-M,  -1)  coupling  to 
SPW’a.  Chen  eta/."  experimentally  investigB^  grating 
coiq>ling  to  SPW’a  in  the  minigap  regions,  Le.,  degenerate 
coupling  to  SPW’a  in  two  different  grating  ordoa,  such  as 
(+1,-2)  or  (+2,  -2),  and  measured  energy  gaps  fiw  vari¬ 
ous  minigap  regions.  Vlfeber  and  Mills'*  and  Tran  et  o/.** 
showed  theoretically  that  interactions  of  daatkally  scat¬ 
tered  SPW’a  result  in  conq>lex  response  surfaces  in  the 
vicinity  of  the  minigaps  and  that  a  direct  inteipretati<m  in 
terms  of  a  modal  dispersion  relation  is  difficult  at  best. 
Detailed  modeling  and  careful  evaluation  of  couplings  in 
both  amplitude  and  phase  are  necessary  for  a  full  sq>preci- 
ation  of  the  experimental  results.  Heitman  el  o/.'* 
showed  from  experimental  studies  on  metal-oxide-metal 
structures  that  the  existence  of  energy  or  momentum 
gape  was  dependent  <m  the  mode  of  excitation  and  the  ex¬ 
perimental  observable;  i.e.,  using  fast  electron  excitation 
and  light  emitted  from  metal-oxide-metal  structures, 
they  observed  energy  and  momentum  gaps,  but  only 
ergy  gape  were  observed  from  optical  excitation  (similar 
to  Chen’s  resuHa).  They  also  pointed  out  that  the  aixmia- 
lies  strongty  dq>end  oa  grating  period,  dqith,  and  isrofile 
as  well  as  on  the  excitation  mechanism  and  the  method 
of  detection. 
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Fig.  1.  Dispersion  relation  of  SPWs  for  a  losaleas.  free-electroa 
metal  (c  «  1  -  •>//»*).  The  axes  are  normalued  to  w,  and  kp  » 
•ip/k.  The  grating  vectors  corresponding  to  the  n  ••  ±1  and  n  > 
±2  orders  of  a  grating  of  period  d  are  shown  as  vertical  dashed 
lines.  The  range  of  wave  vectors  accessible  Iqr  varying  the  input 
angle  from  normal  to  grating  incidence  for  n  «  -t-1  and  n  ■  -2  is 
shown  as  hurUontal  lines.  Note  that  for  this  choice  of  parame¬ 
ters  (A/d  —  0.73),  there  ate  two  SPW  reactances  and  that  the  -1 
diffraction  order  propagates  throughout  the  angular  range. 

When  higher-order  couplings  to  SPWs  are  studied,  the 
permitted  diffraction  orders  are  stron^jr  ccngded  to  the 
SPWs;  therefore  the  incident  beam.  aU  propagating  dif¬ 
fracted  beams,  and  the  SPWs  must  be  taken  into  account 
for  a  complete  understanding  of  these  complex  interac¬ 
tions.  The  effect  of  SPW  resonance  on  diffraction  orders 
has  been  studied  by  mai^  authors.^'^  However,  aU  those 
studies  dealt  with  single  SPW  resonance;  the  effects  of 
multiple  coiq)ling8  have  not  been  investigated  riperimen- 
talljr.  Here,  a  systematic  theoretical  and  experij^tal  in¬ 
vestigation  of  SPW  interference  in  the  (-t-l,  -2)  minig^ 
region  is  presented.  Both  the  0-order  reflectance  and  the 
-l-<»der  diffraction  (the  onfy  permitted  diffraction  order 
in  the  angular  region  of  SPW  coap^n^  were  measured  at 
633  nm  as  a  (hnction  of  the  incident  angle  for  various  grat¬ 
ing  d^ths  and  proflles  st  a  fixed  grating  period  of  870  nm. 
The  angular  shifts  in  the  SPW  resonance  an^es  as  a 
result  of  the  increasing  grating  depths  were  used  to  tune 
through  the  coupling  degeneracy.  Sy  adding  intensities 
in  the  0-order  reflectance  and  the  -1-order  diffraction  to 
find  the  total  reflected  energy,  we  observed  momentum 
gaps.  Also,  for  a  sin{de-grating  proHle  similar  measure¬ 
ments  were  repeated  as  s  function  of  wavelength,  (km- 
sistent  with  the  experimental  results  discussed  above, 
momentum  gaps  were  not  found  in  the  0-order  reflec¬ 
tance;  however,  weQ-defined  momentum  gape  were  ob- 
•erved  in  the  -1  diffraction  order. 

Finally,  a  simplified  theoretical  formalism,  developed 
for  the  analysis  of  flrst-order  coupling,*  is  extended.  This 


analysis,  based  oo  a  simide  truncation  of  the  plane-wave 
expansion  of  the  scattered  fields  within  the  Riqrleii^ 
hypothesis,  provided  remarkably  good  agreement  srith 
tte  first-order  coupling  reeulta.  Not  surpriaini^,  while 
the  ouuor  features  of  the  experiment  are  reproduced,  the 
agreement  is  lets  satisfactory  for  this  more  demand¬ 
ing  ease. 

The  disperaion  relation  for  SPWs  at  a  metal-air  inter¬ 
face  is  given  by** 

*apw  -  *•[€/(!  +  £)]"•.  (1) 

where  is  the  free-space  pn^tagation  vector  and  c  ia 
the  metal  dielectric  constant.  The  exdtaticm  of  SPWs 
takes  place  whenever  the  wave  vector  of  the  incident  li^t 
parallel  to  the  metal-air  gratiog  interface  aatisfiee  the 
condition 

ko  sin  3  -t-  2vn/ii  »  ±kerw,  (2) 

where  $  ia  the  incident  angle,  <f  is  the  grating  period,  and 
n  =  0, ±1, ±2,...  represents  the  coupling  order.  For  a 
loeslesa  free-electroa  metal  (e  *  1  -  v'fc**),  the  disper¬ 
sion  relation  [Eq.  (1)]  is  plott^  in  Fig.  1,  where  kp  s 
The  vertical  dashed  lines  represent  the  various  grating 
orders,  and  the  horizontal  lines  indicate  the  accessible 
wave  vectors  (2vn/d  to  ko  +  2vnld)  in  the  -fl  and 
-2  orders.  Note  that  cotq>ling  to  SFWa  can  be  achieved 
for  both  of  these  orders  for  the  choice  of  w  and  d  corre¬ 
sponding  to  the  present  experiment  Coiqiling  in  the  4-1 
(-2)  orders  results  in  the  pnqmgation  of  SPWs  in  the  for¬ 
ward  (backward)  p.e.,  same  (c^jpoeite)]  directicm  as  the  y 
component  of  the  incident  wave  vector.  The  -1  diffrac¬ 
tion  order  is  permitted  throughout  the  angular  range  of 
the  two  SPW  coiqdings,  and  its  properties  are  stnmgly  in¬ 
fluenced  by  the  SPW  resonances.  Also  note  that  d^ner- 
acy  in  the  coujding  an^e  9  corresponds  to  the  coigding  of 
the  oppositely  directed  SPWs  by  an  integral  multiple  of 
the  grating  wave  vector  (3  in  this  caseX  In  a  fashion  fa¬ 
miliar  from  maiqr  examples  of  mode  coupling,  this  degen¬ 
eracy  results  in  ^e  interactions  between  the  SPW  modes 
that  give  rise  to  the  minigap  effects. 


Fig.  2.  Experimental  arrangement  for  refliction  and  <li/6ectioo- 

order  meaaurementa. 
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Fig.  3.  O-order  reflectancM  at  633  nia  for  876-iuni>eriod  grat* 
inga  with  varying  grating  depths  h.  The  left-hand  column 
presents  experimental  results:  the  right-hand  oohunn  presents 
tbemetical  nMdeling.  See  the  text  for  details. 


2.  EXPERIMENT 

Gratings  were  fabricated  holographically  in  positive  {rfioto- 
resisi  on  Si  substrates  with  a  single-frequenQr  Ar-ion 
laser  source  at  488  nm.**  Grating  depths  were  varied  by 
adjustment  of  the  exposure  time.  This  results  in  varia¬ 
tions  in  both  the  depth  and  the  grating  profile,  which 
varies  from  approximately  sinusoidal  at  small  depths  to 
rectangular  at  the  deepest  gratings  investigated.  These 
photoresist  gratings  were  coated  with  —lOO-nm-thick  Ag 
films  with  the  use  of  an  electron-beam  evapwator  gystem 
at  room  temperature  and  at  a  background  vacuum  of  low- 
10"*  Torr. 

The  optical  measurements  were  scans  of  reflectance 
(diffraction)  versus  incident  angle  in  the  experimental 
setup  shown  in  Fig.  2.  In  this  arrangement  two  concen¬ 
tric  rotation  stages  are  used,  with  the  samide  mounted  m 
the  inner  stage  and  the  detects  mounted  on  the  outer 
stage.  The  data  acquisition  step  involved  a  personal  com¬ 
puter  interfaced  with  a  stqiper  motOT  controller,  which,  in 
turn,  coutroQed  the  two  rotation  stages.  Most  measure¬ 
ments  were  made  at  the  He-Ne  lasor  wavelength.  For  the 
variaUe-wavelengtb  measurements  a  cw-dye-laser  source 
was  used.  Grating  depths  were  measured  in  croes  sectkm 
with  a  scanning  electron  microscope  (SEM).  This  intro¬ 
duces  errors,  estimated  at  ±6  nm,  owing  to  uncertainties 
in  the  SEM  calibration  and  to  variations  in  grating  depths 


for  the  different  areas  sampled  in  the  optical  and  SEM 
measurements. 


3.  O^IROER  REFLECTANCE 
MEASUREMENTS 

Figures  Sa-3d  show  the  0-order  reflectance  as  the 
grating  depth  is  increased.  The  plots  in  Figs.  3e-3h  are 
obtained  from  the  modeling  and  will  be  discussed  in  Sec¬ 
tion  8.  The  following  important  features  should  be  noted: 


(1)  The  excitation  of  SPW’s  in  the  first  (n  >=  -i-l)  and 
second  (n  »  -2)  orders  at  ~18*  and  24.7*,  respectiv^, 

(2)  T^  horis<m  for  the  associated  diffraction  orders  at 
15l8*  and  27.1*,  respectively, 

(3)  The  increase  in  the  first-order  coupling  efficiency  as 
the  grating  depth  is  increased, 

(4)  The  relative  weakness  of  the  seccnd-order  coupling, 
(6)  The  decrease  in  the  angular  separati(»  <d'  the  two 

coupling  resonances  as  the  grating  d^>th  is  increased. 

Also  note  that  the  angular  shifts  in  the  second-order  reso¬ 
nance  are  almost  twice  those  in  the  first  order. 

For  deeper  gratings  the  corresponding  measurements 
are  shown  in  Figs.  4a-4d;  as  before.  Figs.  4e-4h  are  ob¬ 
tained  from  theory.  Note  the  following  features: 


(1)  The  increase  in  the  -2-order  coupling  strength, 

(2)  The  merging  of  the  first-  and  second-order  con- 
fdings,  resulting  in  a  saddle-point  line  shape. 


O 
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Pig.  4.  Same  as  Fig.  3  but  for  deeper  gratings. 
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Pi(.  &.  CrpM-MctioB  SEM  photogr^iha  of  Um  (ratinci  uaad 
for  tbt  osporimenu.  Tho  meoruroj  doptha  aro  (a)  9S  am, 
(b)  110  OBi,  (c)  122  tun,  aad  (d)  150  am. 


(3)  The  emergence  of  a  broad  minimum  (Fig.  4d), 
where  first-  and  second-order  cou|dingB  can  no  longer  be 
distinguished. 

This  is  similar  to  the  behavior  observed**  and  calculated** 
for  similar  fixed-frequency  reflectivi^  scans  in  the  vicin¬ 
ity  of  a  minigap.  As  a  result  of  the  saddle-point  reqwnse 
surface,  cmly  a  sin^e,  broad  resonance  is  observed  ^dien  0 
is  varied  for  fixed  o»,  while  two  distinct  rescmances  and  an 
energy  gap  are  found  when  » is  varied  for  fixed  A 
In  Fig.  5  SEM  profiles  of  the  gratings  used  to  obtain 
Figs.  4a-4d  are  shown.  Increasing  grating  depth  also 
results  in  increasing  deviation  from  sinusoidal  profiles  as 
a  result  erf*  the  grating  fabrication  technique.**  For  still 
deeper  gratings  the  corresponding  measurements  are 
shown  in  Fig.  6,  where  the  vertical  scale  is  unchanged 


from  that  of  Figs.  3  and  4.  For  these  approximately 
rectangular  grating  structures  (cf.  Fig.  7),  there  is  an 
overall  decrease  in  the  (1-order  reflectance,  an  absence  of 
clear  SPW  oouiding  resonances,  and  line  shapes  that  do 
not  lend  themaelvea  to  simple  interpretatiofi. 

4.  -1-DIFFRACTlON-ORDER 
MEASUREMENTS 

For  this  grating  period  and  measurement  wavelength  the 
-1  diffraction  order  is  a  propagating  mode  throughout  the 
entire  incident  angle  range  including  that  of  the  SPW  reso¬ 
nances.  Coupling  to  this  propagating  order  fHovides  addi¬ 
tional  information  on  the  SPW  resonance  characteristics. 
In  fact,  the  first  observations  of  Wood’s  anomalies  were 
related  to  diffraction  orders  rather  than  to  O-wder  reflec¬ 
tance.  Measurements  of  the  energy  coupled  into  the  SPW 
mode  must  take  into  account  both  the  reflectance  and  the 
energy  coupled  into  the  diffraction  order.  Diffraction- 
order  scans  corresponding  to  the  0-order  scans  of  Figs.  3a- 
3d  are  shown  in  Figs.  8a-8d;  as  above,  the  plots  in 
Pigs.  8e-8h  are  obtained  from  theory.  The  vertical  scale 
on  these  measurements  is  the  same  as  that  for  the  0  order, 
so  the  diffracted  energy  in  the  -1  order  is  significant 
when  conqiered  with  the  reflectivity.  The  following  fea¬ 
tures  should  be  noted: 

(1)  The  line  sluq>es  are  derivativelike  as  the  incident 
angle  ia  varied  through  the  SPW  resonances, 

(2)  The  coupling  strengths  are  equal,  in  contrast  with  the 
much  weaker  -2-order  coupling  observed  in  the  reflectiv¬ 
ity  (ef.  Figs.  3a-3d), 

(3)  Neither  the  maxima  nor  the  minima  in  the  diffraction- 
order  intensities  correspond  to  the  0-order  minima, 

(4)  There  is  an  enhancement  of  the  diffraction-order  in¬ 
tensity  in  the  region  between  the  SPW  interactions, 

(5)  As  the  grating  depths  increase,  the  angular  separa¬ 
tion  between  the  SPW  resonances  as  measured  between 


Pig.A  0-order  reflectancM  at  633  am  for  gratinp  with  (a)  resid¬ 
ual  SPW  affects  and  (b)  absorptive  behavior. 
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Pig.  7.  CToee-MctionSEMpiiatognpliearthegmingiuawlfor 
the  meaeuremente  in  Pig.  6. 


either  the  minima  or  the  maxima  of  the  line  8ha|>es  first 
decreaaea  (Figs.  8a-8c)  and  then  increases  (Tig. 

For  deeper  gratings,  anresponding  to  the  0-order  scans 
of  Figs.  4a-4d,  the  Effraction-order  scans  are  shown 
in  Figs.  9a-9d,  sdiere,  as  above,  Figs.  9e-9h  are  the  result 
of  theoretical  modeling  that  will  be  discussed  in  Sec¬ 
tion  6.  The  following  features  can  be  noted  from  these 
measruements: 

(1)  There  is  an  increase  in  the  angular  separation  of  the 
two  minima  with  increasing  grating  depth,  in  contrast 

Owith  the  behavior  in  the  0-order  measurements,  where  the 
minima  move  toward  each  other  and  merge, 

(2)  There  is  a  decrease  in  the  angular  separation  of  the 
two  maxima  (Figs.  9a-9c)  and  an  emergence  of  a  sin^ 
maximum  (Fig.  9d), 


(3)  The  enhancement  in  the  -1  diffraction  order  is  such 
that  the  minimum  in  the  0  rndw  (Fig.  4d)  corresponds  to 
the  maximum  in  the  ’iffractum  order  (Fig.  9d). 

A  comparison  of  the  0-order  (Figs.  4a-4d)  and  -l-diffrac 
tion-order  (Figs.  9a-9d)  measurements  shows  that  much 
of  the  incident  energy  is  re-emitted  into  the  diffraction 
order.  This  enhancement  in  the  diffraction-order  inten¬ 
sity  is  mediated  by  SPW  interactions. 

Finally,  the  diflraction-<»der  measurements  are  shown 
for  gratings  with  residual  SPW  coupling  effects  (Fig.  10a) 
and  without  SPW  effects  (Pig.  10b),  corresponding  to  the 
0-order  scans  of  Fig.  6.  For  the  shallower  grating,  there 
is  a  decrease  in  intensity,  and  two  broad  minima,  at  18.2* 
and  24*,  are  observed,  with  the  minimum  at  18*  corre¬ 
sponding  to  the  maximum  in  the  0  order  (Fig.  8a)  and  the 
minimum  at  24*  corresponding  to  neither  the  minimum 
nor  the  maximum  in  the  0  order  (Fig.  10a).  For  the  deep¬ 
est  grating  measured,  there  are  no  residual  SPW  effects 
but  rather  a  substantial  decrease  in  the  diffraction-order 
intensity  for  all  an^es. 

5.  ENERGY-SUM  MEASUREMENTS 
For  these  measurements,  only  the  0  and  -1  orders  are 
propagating  within  the  angular  range  of  SPW  inter¬ 
actions.  Thiu  we  can  evaluate  the  total  energy  coupled  to 
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Pig.  8.  -l-diffraction-order  scaiu  for  tbs  gratings  used  in 
Fig.  3.  Tbs  left-hand  oohunn  presents  experimental  results;  the 
ri^t-hand  cohunn  presents  tlworetical  moddiag.  See  the  text 
figr  details. 
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Pig.  a  -l-diffraction-ordcr  scan*  for  tlw  grating!  in  Fig.  4. 
The  lefl-bawi  oohunn  presents  esperimental  results;  the  ri^it- 
odumn  presents  theoretical  modeling.  See  the  text  for 
details. 

SPW’s  by  adding  the  energies  in  these  orders.  Fig¬ 
ures  lla-lld  show  these  energy  sums  for  the  measure¬ 
ments  of  Fig.  3  (0  order)  and  Fig.  8  (-1  diffraction  order). 
The  measurements  for  the  deeper  gratings  (Figs.  4  and  9) 
are  given  in  Figa.  lle-llh.  Note  that 

(1)  The  coufding  efficiencies  are  reduced  in  comparison 
srith  the  0  order,  since  some  of  the  incident  energy  is  also 
coupled  into  the  diffraction  order, 

(2)  The  coupling  of  energy  to  SPVTb  in  the  -2  order  is 
mariifested  by  the  resonance  line  shape,  in  cotr^rarism 
with  the  lesa-weO-defined  line  shape  of  Figs.  3a-S^ 

(3)  There  is  a  gradual  increase  in  coupling  efficiency 
and  a  broadening  of  the  first-order  resonarKe  line  shape 
followed  by  •  decreasing  efficiency  at  stUl  deeper  gratings, 

(4)  Hiere  is  a  decreasing  angular  separation  (Figs.  11a- 
llf)  followed  by  an  increasing  separation  for  deeper 
gratings. 

Both  the  -1-order  measurements  and  the  energy-sum 
measurements  show  a  areD-defined  momentum  giq>;  i.e., 
they  show  two  reaonatKes  as  a  (unction  of  9  at  fixed  a» 
that  first  ifiproach  each  other  and  then  diverge  as  the 
grating  depA  is  itareased. 

The  experiments  exhibited  strong  dependence  on  the 
details  of  the  grating  profilea  For  some  cases,  with  ap¬ 
proximately  sinusoidal  pndlles,  saddle-point  lim  shapM 


were  iwt  obaerved  in  the  0-order  reflectances.  Abo,  the 
diffraction-order  line  shapes  srere  similar  to  the  0-order 
line  shapes  at  SPW  resonance  angles.  Not  unexpectedly, 
the  higW-order  Fourier  eompoaentB  of  the  gratmg  pro- 
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Fig.  10.  -l-diffraction-order  scans  for  the  gratings  used  in 
Fig.  6. 
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Fig.  11.  Energy-sum  (Oorder  reflectance  phis  -l-diffreetion- 
crder)  scans  for  the  gratings  used  in  Figs.  3, 4.  8^  and  t 
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12.  0-order  reflecieiice  and  -l-diffraction-wder  acana 
for  the  96-nm-deq>  gratinsi  (I^ga.  4a,  9a,  and  lie)  as  the  mm- 
lei^th  if  inereaaed  from  686  to  607  nm  The  left-hand  oohunn 
preaenta  tbe  0-order  meaaurementa;  the  right-hand  cohunn  pro- 
aenta  tbe  -1-difIraction-order  meaeureinenta. 


fOea  Bubatantially  aifTect  the  first-  and  aecond-order  cou¬ 
pling  strengths  and  line  shapes. 


S.  VARIABLE-IMAVELENG^H 
MEASUREMENTS 

For  the  9&-nm-deep  grating  (Figs.  4a,  Sa,  and  UeX  a  series 
of  O-order  reflectance  and  -1-diffraction-order  measure¬ 
ments  was  carried  out  as  a  Ainctkm  of  wavelength.  The 
output  from  a  dje  laser  was  tuned  through  the  580- 
633-nm  range,  sufficient  to  probe  the  minigap 

region. 

Figure  12  shows  the  O-order  reflectance  (Figs.  12a-12^ 
and  -l-difTraetioii-order  (Figa  12e-12h)  acana  as  wave¬ 
length  is  increased  from  6M  to  607  nm;  the  vertical  scale 
for  the  diffraction-order  measurements  is  ten  times  miwe 
sensitive  than  the  corresponding  scale  for  the  0-order 
measurements.  Note  the  blowing  essential  features: 

(1)  Tbe  angular  separation  decreases  between  the  it  * 
41  and  ft  a  -2  coiqilings,  with  tbe  angular  shifts  in  the 
second  order  being  ^most  twice  those  in  the  first  order, 

(2)  A  well-defined  resonance  is  absent  in  the  0-order 
scans  corresponding  to  the  ft  ■  -2  coupling,  and  the  broad 
8PW  resonance  corresponding  to  the  a  «  41  coupling 
moves  toward  smaller  angular  vahies  (Figs.  12a-12d), 

(3)  The  intensity  in  the  -1  difliacUoo  order  is  grsdiialty 
reAiced  in  the  angular  region  between  the  two  couplings. 


Zaidiaf  of. 


(4)  As  in  the  previous  messurementa,  the  -l-diffraction- 
order  measurements  show  comparsMe^  mirror-image  cou- 
plingB  for  the  two  SPW  resonances,  while  the  -2-order 
coupling  is  bar^  observable  in  the  0-order  rdleetion. 

A  further  increase  in  wavelength  brings  the  two  cou¬ 
plings  still  doesr,  and  soooe  interfermce  effects  are  ob¬ 
served  as  shown  in  Fig.  IS.  The  m^jor  features  are  the 
following: 

(1)  The  monotfmic  shift  to  smaller  angular  values  in  the 
0-order  reflectanee  scans  cmetyonding  to  the  n  *  4l 
coupling  as  the  wavelength  is  changed  (Figs.  13a-13d), 

(2)  Tbe  appearance  ot  a  sharp  feature  at  23.8*  in  the 
-1-diffraction-order  measurements  (Figs.  13e-13f), 
which  correqKmds  approximately  to  the  horizon  for  the 
appearance  of  the  -2  diffraction  order, 

(3)  The  appearance  of  a  sli^t  discontinuity  in  the  -1- 
diffraction-otder  line  shape  (Fig.  ISgX 

(4)  The  decrease  in  the  angular  separation  between  the 
two  coiqilings  (Figs.  13e-13^ 

(5)  The  sharp  increase  in  the  diffraction-<»^er  intensity 
as  the  two  couplings  cross  each  other. 

In  Fig.  14  these  measurements  are  extended  to  still 
longer  wavelengths,  beyond  the  (41,  —2)  minigap  region. 
The  m^jor  features  indude 

(1)  The  appearance  of  n  =  -2  coupling  in  the  O-mrder 
scans  (Figs.  14a-14d), 
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Fig.  13.  Same  as  Pig  12  but  for  aa  iacraaaa  in  wavriangth  fttaa 
610to6t7nm. 
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Fig.  14.  Same  aa  Fig.  12  but  for  ao  increaae  in  wavelength  from 
619  to  633  nm. 


In  addition,  differential  formalisma  developed  fagr  Neviira 
et  at.''*  and  Numata*'  have  also  been  uaed  to  atu^f  SFW 
dispersion  relationa.  AO  these  methods  are  rigorous,  hold 
for  arbitrary  grating  profiles,  and  require  extensive  com- 
putatioir. 

Simpler,  approximate  formulations  have  been  intro¬ 
duced  starting  from  the  Rayleigh  hypothesis^  and  from 
the  extinction  theorem  formalism.*  These  were  demon¬ 
strated  to  offer  a  good  approximation  of  the  exact  calcula¬ 
tion*  and  to  first-order  coupling  experiments.*  While 
these  formulation*  zre  lacking  in  ultimate  rigor  and  accu- 
Tscy,  they  offer  a  good  intuitive  pineal  picture  of  the 
interaction  with  a  minimum  of  computational  difficulty. 
Here,  the  extension  of  this  simple  formulation  for  the 
minigap  r^cm  is  briefly  described.  More  details  are  {me- 
sented  in  Ajperalix  A. 

For  TM-polarized  light  incident  on  a  sinusoidal  stu^ace 
with  an  excursion  of  2u,  a  straightforward  but  involved 
algebraic  procedure  results  in  the  coupled  linear  differen¬ 
tial  equations 


+  5:B:(-irv,.,(o.u)  -  sb:  j,..05.u)  =  o, 

•  m 

(3) 

-  2[«.  -  (P  -  n)g^|B:(-l)'-V,..(o.B) 

-  7  2  [b.  -  (P  -  =  0,  (4) 

'^ere  all  variables  are  defined  in  Aipendix  A. 


(2)  The  appearance  of  a  sharp  feature  at  24.2*  (Fig.  14e) 
corresponding  to  similar  features  in  Figs.  13e-13f, 

(3)  The  increase  in  angular  separation  between  the  n  s 
-t-1  and  n  s  -2  couplings, 

(4)  The  increase  in  -l-diffraction-order  intensity  in  the 
region  between  SPW  couplings, 

(6)  The  reversal  of  the  resonance  line  shapes  in  the 
diHraction-order  measurements,  evident  from  a  compari¬ 
son  of  Figs.  12e-12g  and  14e-I4g. 

Thus,  as  couplings  to  SPWs  in  the  first  and  second 
orders  become  degenerate,  interference  effects  result  in 
an  enhancement  in  the  diffraction-order  intensity  over  a 
narrow  angular  range.  When  the  modes  cross  each  other, 
the  resonances  observed  in  0  order  show  a  single  minimum 
and  do  not  exhibit  a  momentum  gap  (Fig.  16a),  sdiile  a 
cleariy  defined  forbidden  momentum  gap  is  cibserved  for 
the  -l-diffraction-order  scans  (Fig.  15b).  The  magnitude 
of  this  gap  is  --0.3*  and  is  in  good  cjualitative  agreement 
with  the  momentum  gaps  cibserved  ty  Heitman  et  at.** 

7.  THEORY 

A  variety  of  mathematical  formalisms  have  been  applied  to 
describe  optical  interactions  with  periodic  surfaces.  Inte¬ 
gral  meth^  were  first  proposed  by  PMit  and  Cadilhac,** 
Wugin,*'  and  Uretski.**  A  number  of  intend  formula¬ 
tions  have  been  investigated,  including  a  Green’s-functioo 
formalism  based  on  an  extinction  theorem  mechanism 
developed  by  Glass  et  at.,**  Laks  et  at.,**  and  Utagawa.** 
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Fig.  1&  Plot  of  the  resonance  behavior  observed  in  Hge.  12-14. 
Tbs  0-ordsr  reflectivity  (a)  shows  a  aingls  dominant  rasonsnes 
becoming  a  single  broad  miwiBMiin  ia  the  minigap  ragiem.  In 
eootrast,  the  -l-di/Tractioo-ordw  eeans  (b)  chow  a  weO-driined 
momentum  gap  corresponding  to  the  (-fl,  -2)  minigap  region. 
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Fig-  16.  Compariaon  between  theory  and  experiment  for  • 
grating  with  a  nearly  ainuaoidal  profile.  The  lefl'hand  eohiren 
preeenta  experiment^  reaulta;  t&  ri^t-hand  column  presents 
theoretical  modeling. 


In  the  derivation  of  Eqs.  (3)  and  (4)  no  small-signal 
approximation  is  made  for  eiUier  the  grating  depth  or 
t^  diffraction-order  amiditudes.  From  the  dispersion- 
relation  curve  in  Fig.  1,  for  the  present  case  the  onJ^i'  reso¬ 
nant  terms  in  the  above  ei^nsions  [Eqs.  (3)  and  (4)]  are 
n  w  -t-l  and  a  «  -2.  The  n  »  -1  term  is  the  permitted 
diffraction  order  and  is  stronc^  influenced  Vy  SPW  inter¬ 
actions.  The  infinite  series  was  truncated  at  n  »  —1, 

1,  —2,  which  resulted  in  an  8  x  8  matrix  and  considerable 
simplification.  Previous  analyses  included  maxqr  more 
terms  and  provided  signiflcantly  greater  accuracy.  Since 
the  experimental  profiles  were  not  precisely  sinusoidal, 
additional  Fourier  components  were  included  in  the  grat¬ 
ing  profile.  It  was  sho^  by  Van  den  Berg  and  Fokkema** 
that  the  Rayleigh  hypothesis  would  still  be  valid  if  a  pro¬ 
file  could  be  described  bf  *  finite  Fourier  series.  The 
mathematical  analysis,  however,  becomes  progressive^ 
more  conq>lex  as  the  number  of  hi^ier-order  Fourier  com¬ 
ponents  is  increased.  Fcr  the  present  purpose  the  surface 
profile  is  redefined  to  include  only  one  aiWtional  Fourier 
oooqxment: 


s  -  ui  sin(gy)  +  Ui  sin(2gy).  (6) 

In  general,  Ut  is  much  smalte'  than  «|.  For  this  profile 
we  obtain 

lb 

+  +  2C(a».»)|  “ ®  (®) 

•-»  l  •  •  J 


iHp)  +  2«(a»»)  -  -  2f(aa) 

•  €  • 

+  ifo(A*)  + 2/(a».#)--2JUa*.*)1-o,  (7) 

»»I  I  •  «  •  J 

where  A.  B.  C,  D,  E,  F,  O,  /,  and  L  are  defined  in 
Appendix  A. 

Equations  (6)  and  (7)  reduce  to  Eqs.  (3)  and  (4)  for  ut  « 
0.  The  terms  in  these  equations  are  of  the  general  form 
in  the  numerical  cakulations  terms  are  retained  up 
to  s  +  s'  “  3;  iA,  JaJt,  JtJi,  Ji'fu  aod  JiJt- 


8.  COMPARISON  BETWEEN  THEORY 
AND  EXPERIMENT 

In  a  previous  analysis  of  first-order  coui^ing  to  SFWs  it 
was  shown  that  the  best  fit  to  the  experimental  results  was 
obtained  for  a  Ag-film  dielectric  constant  of  (-13.65^0.82) 
(Ref.  5);  this  value  was  used  without  further  ailjustment 
In  Pig.  16  experimental  and  theoretical  reflectance  scans 
versus  an^e  are  shown  for  an  854'nm-period  grating  with 
a  nearly  sinusoidal  profile.  The  theoretical  calculations 
were  carried  out  with  the  use  of  Eqs.  (6)  and  (7).  Note 
that  the  calculated  -t-l-ordercoui^ing  resonance  line  shape 
in  the  -l-diffraction-order  scan  (Fig.  16b)  is  similar  to 
the  0-order  line  shape  (Fig.  16a)  and  that  the  two  reso¬ 
nances  are  comparable,  although  on^r  a  onaB  enhance¬ 
ment  rather  than  a  coupling  dip  at  the  -2-order  resonance 
is  observed  in  the  0-order  scan.  The  theoretical  line 
shapes  (Figs.  16c  and  16d)  doeely  follow  the  experimental 
line  shapes,  ahhouih  the  observed  resonance  widths  are 
sli^tljr  larger  than  those  predicted. 

For  grating  profiles  deviating  from  a  sinusoidal  shape, 
Ui  and  Ut  were  adjusted  to  produce  line  shapes  closest  to 
those  experimentally  observ^  In  Fig.  17  tte  experimen- 
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Ftf .  17.  Conparison  between  theory  and  experiment  far  a  pro¬ 
file  ihowing  a  deviation  from  a  eiraieoidal  ehipe  The  left- 

hand  ctduaui  presents  experimental  reculta:  the  right-hand 
oohimn  presents  theoretical  modelii«. 
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tal  and  calculated  plota  for  a  grating  with  a  765-nm  period 
are  shown.  This  grating  deviated  from  a  sinusoidad  pto- 
flle  and  showed  appreciaUe  coupling  in  the  second  order 
(Fig.  17a).  In  the  -1  diffraction  order  sharp  Q>ikes  in  in¬ 
tensity  at  SFW  resonance  minima  are  observed  (Fig.  17b). 
The  calculated  0-order  plot  (Fig.  17c)  is  similar  to  the  ea- 
perimental  plot  (Fig.  17a).  The  calculated  -l-diffracticm- 
order  {dot  (^.  17d),  although  showing  intensity  spikes  at 
both  SPW  resonances,  fails  to  di^lny  the  ezperimentalty 
observed  dispersionlike  minima,  shows  unequal  intensi¬ 
ties  at  the  Sl^  resonances,  and  does  not  replicate  the  ob¬ 
served  diffraction  efllciency  enhancement  in  the  region 
between  the  SPW  resonances. 

Thus  this  simple  model  includes  many  of  the  mnjor 
features  observed,  but  for  a  complete  description  higher 
Fourier  coefficients  must  be  included,  as  we  can  see 
in  conqiaring  the  experimental  and  theoretical  plots  in 
Figs.  3a-3d  and  3e-3h  above.  Note  the  following  features: 

(1)  The  resonance  line  shapes  in  the  second  order  are 
different  (Figs.  3a-3c  and  3e-3g), 

(2)  The  observed  grating  depths  are  much  larger  than 
th^  jM-edicted  (Figs.  3a-3c  and  3e-3g), 

(3)  The  calculated  angular  shifts  are  much  smaller  than 
those  observed. 

The  large  difference  in  grating  depths  and  the  second- 
order  line  shapes  is  due  to  the  omission  of  higher  Fourier 
coefficients  in  the  grating  profile  that  result  in  cancella¬ 
tion  effects  in  second-order  coupling.  Specifically,  the 
model  at  present  does  not  include  a  third-order  coeffi¬ 
cient.  Yet,  as  we  discussed  above^  it  is  just  this  Fourier 
component  of  the  grating  that  resonantly  couples  the 
counterpropagating  SPW  modes.  For  deeper  gratings 
the  comparison  between  observed  (Figs.  4a-4d)  and  pre¬ 
dicted  (Figs.  4e-4h)  reflectance  scans  show  the  following 
features: 

(1)  There  is  an  evolution  to  a  broad  minimum  (Figs.  4e- 
4h), 

(2)  The  calculated  and  observed  depths  are  similar 
(Figs.  4a-4c  and  4e-4g), 

(3)  The  calculated  angular  shifts  are  smaller  than  those 
observed, 

(4)  The  calculated  energy  coupled  to  the  diffraction 
or^r  is  much  higher  than  t^  obMrved. 

Note  that  the  calculated  ]dot  in  Fig.  4h  is  for  a  sinusoidal 
profile,  while  the  actual  profile  shows  consideraUe  devia- 
ti<m  from  a  sinusoidal  sh^pe  (Fig.  6d).  These  compari¬ 
sons  emphasize  the  import^e  of  knowledge  of  the  exact 
profile  for  calculation  of  its  reflectance  behavior. 

The  comparison  of  calculated  (Figs.  8a-8d)  and  ob¬ 
served  (Figs.  8e-8h)  diffraction-order  line  shapes  shows 
the  following  features: 

(1)  There  is  a  lack  of  eneigy  enhaiKement  in  the  region 
between  intensity  spikes  (Figs.  8e-8b), 

(2)  The  calculated  spikes  in  intensity  are  slightly  asym¬ 
metric  (Figs.  8e-8g), 

(3)  The  calculated  energy  in  the  diffraction  order  is 
hitler  than  thst  observed. 

For  deeper  gratings  a  similar  comparison  of  observed 
(Figs.  9a-9d)  and  calculated  (Figs.  9e-9h)  diffraction- 
order  line  shapes  shows  the  fdlowing  features: 


(1)  An  eneigy  enhancement  for  the  calculated  line  shapes 
in  the  region  between  SPW  resonances  (Figs.  9e-9h), 

(2)  The  appearance  of  ahallow  minima  (Figs.  9e-9ti), 

(3)  The  appearance  of  an  asymmetric  line  shape  in 
Fig.9g, 

(4)  The  sharp  decrease  in  signal  from  ~l(r  to  16*  in 
Fig. 

Thus  the  comparison  of  theory  and  experimental  results 
indicates  that,  although  the  theory  manages  to  show  mejor 
features  of  our  data,  many  fi>Kr  details  are  not  observed. 
A  more  detailed  theoretical  investigation,  including  both 
higher  Fourier  coefficients  and  a  more  rigorous  formal¬ 
ism,  is  necessary  to  provide  a  detailed  fit  between  theory 
and  experiment 

9.  SUMMARY 

A  systematic  experimental  study  of  interactions  between 
SPW  coiqilings  in  the  (+1,  -2)  minigap  r^ons  is  reported. 
The  experiment  covers  the  entire  range  of  SPW  inter¬ 
actions,  ranging  from  weak-coupling  to  strongu'-coupling 
effects  and  to  deeper  i»t>files  lowing  absorption  ratber 
than  SPW  effects.  The  simple  theoretical  model,  al- 
thou^  missing  many  of  the  finer  details,  shows  the  nugor 
features  of  our  experimental  data.  One  can  devdop  a 
better  model  fay  including  several  Fourier  coefficients  in 
the  grating  profile. 

Several  extensions  of  this  work  are  immediately  appar¬ 
ent  For  larger  grating  periods  there  are  more  diffrac¬ 
tion  orders,  and  it  would  Ite  interesting  to  see  how  energy 
is  distributed  in  these  orders  at  SPW  resonance  ancdea. 
Also,  the  appearance  of  momentum  gaps  in  the  0  order 
depends  on  the  strength  of  interactions. 

As  we  noted  above,  there  has  been  much  discussion  of 
the  physical  significance  of  momentum  and  energy  gaps  in 
the  minigap  regions.  As  this  study,  as  weD  as  others,’^* 
demonstrated,  the  response  surface  is  quite  cmnidex  in  the 
vicinity  of  a  minigap,  and  a  complete  analysis  of  the  ex¬ 
perimental  situation  is  necessary.  Most  theoreticsd  treat¬ 
ments  of  SPW  effects  on  gratings  can  be  cast  as  a  linear 
algebraic  problem  of  the  general  form  ME  =  S,  where  the 
vector  E  rqiresents  the  req;>onse  fields,  M  is  the  medium 
response  matrix,  and  8  is  the  source  of  excitation  vector. 
Formally,  this  is  solved  as  E  s  M*'8,  where  each  term  in 
the  inverse  matrix  is  proportkmal  to  (det  M)~*.  In  many 
situations  knowledge  of  this  determinant,  and  hence 
of  the  dispersimi  relation,  is  sufficient  fw  an  understand¬ 
ing  of  the  main  features  of  the  response.  Fw  example,  for 
the  case  of  a  sin^e  SPW  resonance,  the  experimental  dis¬ 
persion  relation  obtained  from  the  resonance  an^es  and 
the  linewidths  of  the  0-order  coupling  dips  are  in  reasim- 
able  agreement  with  that  calculated  fn»n  the  determinant 
of  M;  h4d>sr-order  terms  can  be  added  to  evaluate  the  tf- 
fect  of  deeper  gratings.*  In  the  minigap  region  this  pro¬ 
cedure  clearty  is  not  appnpriate;  for  examine,  neither  of 
the  extrema  observed  in  the  first-order  coupling  coincides 
with  the  0-order  coiqiling  resonance  angles.  In  this  situ¬ 
ation  it  is  not  possible  simply  to  extract  a  dispersion 
relation  from  the  experimentally  observed  line  shapes.  A 
fliQ  treatment  of  the  qntem  reqxmse  is  necessary  for  in- 
ter|»«tation  of  the  measurements  in  terms  of  modes  and 
dispersion  relations. 
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APPENDIX  A 

For  a  TM-polarized  plane  wave  incident  cm  a  ainuaoidal 
interface  we  can  define  a  (magnetic)  B  field  below  and 
above  the  grating  Iqr  using  the  Ragdei^  bgrpothesis: 

“  e*P(»(*,y  +  *.*)!  +  2®:  exp[i(jr.>  - 

2  <  0, 

B"(gt2)  -  2  B?  exp[i(Jf,y  +  p,z)l  a  >  0, 

m 

edmre  *  *o  sin  9,  *,  =  *«  cos  61  Jko  ■ 

(n  »  0,  ±1»  ^2).  g  «  2v/d  {d  is  the  grating  period),  and 

o»  =  »(*.*  -  *0*)“.  Pm  =  »(*.*  “  s^o*)*^- 

For  a  sinusoidal  surface  the  profile  is  given  fay 

f(y)  =  tt  sin(gy), 

80  that,  by  applying  the  generating  function  for  Bessel 
functions,  we  obtain 

exp(iV(y)]  =  «in(gy)l «  2  ^WpgyW/y**)- 

pm-m 

By  ^»plying  the  boundary  conditions 

B*(y.2)  =  B“(y.2)|,./w, 


F{p,n)  -  B7[pm  -  (P  -  »)g(*./8.)l 

X  J,-m{fimU{iJdfimUti  “  gk,UtBT 

X  [Jr-m-dfimUli  +  Jf-m*dfimU\)\JdfimU^> 

G(p,$)  «  [*,  -  (p  -  2s)g(*,/*.)W-i.(*.«i)«f.(*.«i) 

+  (-m*.  -  (p  +  2s)g(v*.)H*i.(*.“») 

X  J,(k,u^  -  gkyUiJf-u-^k^i) 

+  (-l)'./,.n-i(Mi)F.(*.tta)  - 
X  [i/^-tt'fifAiUi)  +  (—lYdp*iM*d.k,Ui)]J,{k,ut), 

Hp.n,t)  *  -(-l)''*B5a,  -  (p  -  n  -  2s)g(A./(x.)] 

X  Jf-m~taifilmUl)Jf(<*mUt)  +  (  — 1)'BS 
X  [a,  -  (p  -  n  +  2a)g(k,/a.y] 

X  J,-m**,(amUi)J,{a,Ut)  -  gk.UiBl 

X  J,(a,u,)  -  gk,UtBl[J,.,.u*^a,Ui) 

+  (+l)^<//-s«t<4>(a.Ui)]</,(aiUi), 

I(p.n.s)  =  B7[pm  -(p-  n  -  2s)g(*./p.)] 

X  J,-m-i.(fimllx)JABmUt)  +  (-VB: 

X  t^.  -  (P  -  n  +  2s)g(A./j9.)] 

X  *^-«4S,(^*U|)c7,(^j,tts)  ^  gkmU^B^ 

X  \  Jp-m-tM~dPmUl)  +  {~VfJf-m*U~tiPm^iy\ 

X  JAPmUH  -  gA.UlBr[J,...«.4l(^.Ul) 


where  9/dn  is  the  normal  derivative  to  the  surface  and  ia 
defined  by 

dn  1  L  ay  J  J  las  ay  ayj 

we  arrive  at  E(|B.  (3)  and  (4)  above.  For  a  more  ounplez 
sinusoidal  surface  the  profile  is  given  by 


Ay) 

and  we  obtain 


Ui  sin(gy)  +  Uj  sin(2gy), 


tp(*yAy)J  *  2  «p(»(p  +  2^)FyM(y«»)«^(y«*>- 

A« 
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Again,  applying  the  boundary  conditions  leads  to  Ecis.  (6) 
■nd  (7)  above,  where  the  omistants  are  givmi  fay 

MPt*)  "  [«f»-»»(k»**i)  +  (-l)^«^+jf(k»Ui))«f»(*«*<s)» 
B{p,n,a)  »  (-l)'‘"B5J,-,-j,(o,U|) 

+  (-l)^c^-i,*fa(a>Ui)]<//a«Ui), 

C(.P,n,$)  »  B7[Jf-m-u{PmUl) 

+  (— l)Vj,.»*l(0*l<l)]</,(^aUi), 

Dip)  -  [JC,  -  pg(*,/k.)H(Mi)*W*.«»t)  -  gkjUt 
X  [«/,-i(k<Ui)  +  J,*dk,Ui)}JdkAtt). 

E{p,n)  «  -(-iy’"*BJa,  -  (p  -  n)g(*./at,)] 

X  J,-,(a.«i)J»(o.ui)  -  gKutBl 
X  [</,...i(a.U|)  +  .f,..«i(a.tti)]Jo(a.i<t). 
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CHARACTERIZATION  OF  THIN  At  FILMS  USING 
GRATING  COUPLING  TO  SURFACE  PLASMA  WAVES 
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ABSTRACT 


A  detailed  characterization  of  the  optical,  microstructural  and  electrical  properties  of  thin  (S-SO  nm)  A1 
films  grown  by  thermal  evaporation,  magnetron  sputtering,  and  ion-assisted  sputtering  (IAS),  is  reported. 
Dielectric-function  measurements  were  carried  out  by  using  grating  coupling  to  surface  plasma  waves  (SPW)  and, 
for  comparison,  elUpsometric  measurements  were  also  performed .  Scanning  electron  microscope  (SEM)  studies 
of  nim  microstructure  as  well  as  dc  electrical  resistivity  measurements  were  carried  out  and  conehted  with  the 
optical  data.  Using  the  Bruggeman  effective  media  approximation,  good  agreement  was  obtained  for  thicker  films 
(30-50  nm),  but  for  not  for  thinner  films  (<  30  nm) .  SEM  and  resistivity  measurements  suggest  that  conditions  of 
film  growth  influetKe  the  behavior  of  individual  grains,  resulting  in  increased  electron  reflectance  at  the  grain 
boundaries  with  increasing  energy  delivered  to  the  substrate  during  deposition.  This  resulted  in  lower  electrical 
fesistivUies  for  evaporated  films  than  for  IAS  films.  Finally,  the  influence  of  S-20  A  AI2P3  on  thick  Al  films  was 

investigated,  both  SPW  and  resistivity  measurements  suggest  that  the  oxide  film  was  not  confined  to  film  surface, 
but  had  penetrated  inside  the  film  leading  to  much  higher  electrical  resistivities  than  would  be  otherwise  expected. 


2 


1.  INTRODUCTION 

Optical  characterization  of  metal  films  is  imporunt  for  process  control  in  the  semiconductor  industry. 
The  standard  ellipsometric  and  renectometric  techniques  (1-4]  possess  the  requisite  sensitivity  but  require 
complex  instrumentation  and  computations,  in  addition,  a  very  careful  and  model  dependent  interpretation  of  the 
data  is  necessary  for  determining  the  optical  parameters.  A  waveguide  approach,  using  prism  coupling  to  either 
dielectric  waveguide  modes  (S]  or  to  a  surface-plasma-wave  confined  to  a  metal-dielectric  interface  [6-8]  has  also 
been  used.  The  optical  exciution  of  surface  plasma  waves  (SPWs)  has  been  carried  out  in  both  Kretschmann- 
Raether  geometry  [9]  or  in  Otto  geometry  [10].  In  the  Kretschmann-Raether  geometry,  SPW  excitation  occurs  by 
tunneling  thru  a  thin  metal  film,  which  places  severe  consuaints  on  the  film  thickness  and  dielectric  constants, 
limiting  its  effectiveness  mostly  to  Ag  and  Au  films,  and,  of  course,  on  the  transparent  substrate  material  which  is 
typically  a  glass  prism.  In  the  Otto  geomeuy  the  prism  is  placed  in  close  proximity  of  the  top  surface  of  the  film. 
The  tunnel  barrier  between  the  meul  film  and  the  prism  has  to  be  very  thin  (<  SOO  nm)  requiring  significam 
pressure  between  the  prism  and  the  substrate.  Both  of  these  techniques  are  sensitive  to  film  properties,  and  the 
theoretical  formalism  is  provided  by  Fresnel  theory. 

Grating-coupling  based  characterization,  in  contrast,  is  free  of  all  the  above  mentioned  constraints.  The 
theoretical  formalism  to  describe  the  coupling  process  is,  however,  complex  and  requires  detailed  computational 
a]gorithms(lM21.  Recently,  we  have  presented  a  deuiled  analysis  of  grating  coupling  to  SPWs  for  a  wide  range 
of  grating  dqxhs  and  profiles  [13-14],  The  theoretical  analysis,  based  on  the  Rayleigh  expanskm,  was  very  simple 
and  provided  good  agreement  with  the  experimental  data.  Here,  we  apply  this  analysis  lo  measurement  of  meul 
film  optical  prqierties.  Al  films  because  of  their  importance  in  integrated  circuit  technology  were  used.  These 
films  were  deposited  by  three  different  deposition  techniques;  thermal  evaporation,  magnetron  sputtering,  and 
ion-assisted  magnetron  sputtering.  In  addition,  ellipsomeuk,  resistivity,  and  SEM  measurements  were  also  carried 
out  on  these  films  to  compare  with  the  SPW  data.  In  all  cases,  excellent  agreement  with  SPW  measurements  was 


obuined. 
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2.  EXPERIMENTAL  ARRANGEMENT 

An  Al  target  was  used  which  was  99.99  %  pure.  Room  temperature  depositions  were  carried  out  in  a  4S- 
cm  diameter,  cryogenically  pumped  bell  jar  vacuum  system  (IS].  For  thermal  evaporation,  a  tungsten  boat  was 
used.  Sputtered  films  were  dqiosited  at  O.S  mTotr  Ar  pressure  using  a  planar  magnetron  source.  For  ion-assisted 
deposition,  a  beam  of  argon  ions  from  a  Kaufman  ion  source  was  directed  at  the  substrate  surface  during 
magnetron  sputtering.  The  beam  voltage  was  maintained  at  440  eV,  and  ion  Rux  at  the  film  surface  was 
approximately  2S  |iAmp/cm^.  In  all  cases,  depositions  were  carried  out  at  a  rate  -  2  A/s.  starting  vacuum  was  in 
the  low  10'^  Torr  range,  and  the  film  thickness  was  determined  by  a  crystal  monitor.  The  ellipsometrk 
measurements  were  performed  on  films  deposited  on  Si-wafers.  For  SFW  measurements,  the  films  were  deposited 
on  holographically  defined  submicrometer  graungs  on  Si  (16).  The  zero  order  refiectance  01=633  nm)  from  the 
coated  gratings  was  monitored  as  a  function  of  incident  angle,  the  excitation  of  surface  plasma  waves  is 
manifested  by  resonance  tike  dip  in  the  reflectance  curve,  and  is  described  in  deuil  elsewhere  (13- 14). 

3.  ELLIPSOMETRIC  MEASUREMENTS 

Ellipsometry  involves  measurement  of  the  effect  of  reflection  on  the  state  of  polarization  of  the  reflected 
tight  [1].  The  state  of  polarization  is  characterized  by  the  phase  and  the  amplitude  relationships  between  the  two 
orthogonal  polarizations  of  the  electric  field  vector  of  the  polarized  field.  The  electric  field  orientation  of  one, 
designated  as  TM,  is  in  the  plane  of  incidence,  and  of  the  other,  designated  as  TE,  is  normal  to  the  plane  of 
incidence.  In  general,  reflection  causes  a  change  in  the  relative  phases  of  the  TM  and  TE  waves,  and  a  change  in 
the  ratio  of  their  amplitudes.  The  angle  A  is  defined  as  the  change  in  phase,  and  the  angle  y  as  the  arctangent  of 
the  factor  by  which  the  amplitude  ratio  changes.  The  angles  A  and  y  are  measured  by  the  ellipsometer.  There  ate 
a  wide  variey  of  commercial  software  packages  which  cakulaie  the  film  dielectric  constants  and  thickness,  ^vea 
A.  y.  the  light  wavelength,  and  the  substrate  index.  From  our  measurements,  the  dielectric  constants  were 
akulated  hy  using  a  computational  package  developed  by  Urban  (17).  Fig.  1  shows  the  measured  variation  of  y 
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and  &  as  «  function  of  film  thickness,  the  values  at  lero  thickness  correspond  to  those  of  SI  Hie  qualittiive 
behavior  of  V  is  the  same  for  the  films  deposited  by  all  three  techniques.  The  behavior  of  A.  howew.  is  similar 
for  sputtered  and  ion-assisted  sputtered  (IAS)  films,  but  for  evaporated  films  it  remains  approximately  constant 
Using  these  A  and  V  values,  the  dielectric  constants  of  Table  I  were  calculated.  The  real  part  of  the  dielectric 
constant  shows  much  larger  changes  than  the  imaginary  part.  Also,  the  real  and  imaginary  dielectric  constants  for 
evaporated  and  sputtered  films  were  larger  than  for  IAS  films. 


4.  SPW  MEASUREMENTS 

In  Ftgs.  2  and  3.  we  show  a  sequence  of  0*order  refiectance  scans  of  sputtered  Al  films  as  thickness  is 
increased  approximately  from  5  to  50  nm  on  Si  grating  (d=477  nm.  dcpth=16  nm).  The  dotted  curves  present  the 
results  of  the  best  fit  to  experimental  lineshape.  and  wiU  be  discussed  below.  The  main  features  of  Fig.  2 .  where 
the  film  thickness  varies  from  about  5  to  20  nm  can  be  characterized  as  follows: 

1  the  appearance  of  a  broad  SPW  resonance  at  film  thickness  of  1 1  nm  with  intensity  minimum  at  9  *  18.08®  and 
a  cusp  ai  0  =  18.9°  due  to  the  emergence  of  the  -l-diffracuon  order  O-e.,  for  angles  greater  than  18.9®  *ere  is  an 
allowed  -1 -diffraction  order  that  can  take  energy  from  the  refiected  beam,  for  angles  less  than  18.9®  this  order  is 
evanescent); 

2.  the  decrease  in  SPW  resonance  width  from  about  1.5®  (Fig.  2b)  to  .9®  (Fig.  2  d); 

3.  the  increase  in  coupling  efficiency  from  0.1  (Fig.  2b)  to  0  J  (Fig.  2d)  and; 

4.  the  slight  shift  in  resonance  angles  (angles  at  which  intensity  minima  occur)  to  larger  angular  values.  i.e..  a 
decrease  in  angular  separation  between  SPW  resonance  angle  and  the  cusp  angle  (the  cusp  angle  remains  constant 
determined  by  only  by  graUng  pcriodkiiy  and  the  laser  wavelength). 

The  behavior  of  the  SPW  resonance  for  thicker  films  (24-50  nm)  is  shown  in  Figure  3.  and  can  be  briefly 

summarized  as  follows: 

1.  the  continuing  decrease  in  SPW  resonance  width  from  0.86®  (Fig.  3a)  to  0.57®  (Fig.  3d); 

2.  the  saturation  of  coupling  efficiency  at  0i2  (Figs.  3  c&d)  from  0.34  (Fig.  3a)  and; 

3.  the  conUnoing  smaD  shifts  in  resonance  angles  to  larger  angular  values. 
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In  Fig.  4.  we  have  ploued  coupling  efficiency,  resonance  wkhh.  and  the  resonance  angle  shifts  as  a 
function  of  film  thickness  for  films  deposited  using  all  three  deposition  techniques.  The  salient  features  of  these 
measurements  are : 

t.  the  coupling  efficiencies  reach  >  S2  %  for  both  evaporated  and  sputtered  films  for  film  thickness  in  the  range 
3(M0  nm,  while  for  the  IAS  films,  the  corresponding  efficiency  was  -  41  %  for  film  thickness  of  above  SO  nm ; 

2.  the  resonance  widths  for  the  evaporated  and  spuucred  films  are  almost  identical,  while  those  for  IAS  films  were 
approximately  IS  %  larger  and; 

3.  the  absolute  shifts  in  the  resonance  angles  (i.e.,  the  angular  difference  between  SPW  resonance  and  the  cusp 
angle)  decreased  from  0.78°  to  0.74°  for  evaporated  films,  and  from  0.82°  to  .76®  for  sputtered  films,  while  for 
IAS  films  weak  dependence  with  film  thickness  was  observed. 

In  general,  the  evaporated  and  sputtered  films  were  observed  to  have  similar  characteristics,  while  the 
IAS  films  showed  sgnificantly  different  patterns.  In  contrast  with  the  ellipsomeiric  measurements  where  there 
were  two  observable  quantities,  the  SPW  measurements  provide  three  observed  quantities,  the  resonance  width, 
resonance  angle,  and  the  coupling  efficiency.  In  addition  the  variations  in  optical  properties  for  the  different  films 
are  more  evident  in  these  measurements  than  they  were  in  the  eHipsomeiric  measurements 

5.  THEORETICAL  MODELING 

The  grating  coupling  to  SPWs  has  been  treated  by  a  large  number  of  authors  (11-13].  Most  of  these 
theoretical  formalisms  are  very  complex,  and  require  extensive  compuiationaj  effons.  Here,  we  have  used  an 
elegant  and  simple  analysts  for  SPWs  at  a  single  grating  interface  with  any  arbitrary  profile  developed  by  Toigo 
et  al.  (18].  We  have  extended  this  analysis  to  two  interfaces  to  model  optically  thin  nims.The  theoretical  analysis 
is  based  on  the  Rayleigh  hypothesis  and  is  briefly  reviewed  here. 

ForTM-polarized  light  incident  at  a  grating  surface  al  an  angle  0,  we  can  write  the  magnetic  field  in  die 
three  regions  (vacuum,  metal  film,  and  Si-substrate)  as  follows: 
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Bvac(y^)  *  e*p(‘Ckyy+kx*)>^£»«  ex|)(i(koy-<*B*)V. 

Binei  (y-*)  »  S  [a#  exp(i(k|iy+pDi)HBne*P('(‘‘ny  Pn*)>l* 

a 

Bsub  (>•*)  *  2^  Cnexp(i(k5y+V))i 
n 

where 

ky  =  ksinO,  kj*  kcos6,  k  s  u  /  c: 

kn-ky-i-ng.  n  =  0,±l.±2 .  g=2Jl/d; 

a«2  =  k2.ko2  Pn^  =  Cinei  k*  -  k^^.  =  ^sub  .  4 


1. 

2. 

3. 


and  Cmet  •  ^  subsuaie  (SQ  dielcciric  consunts.  and  d  is  the  grating  period.  For  a  grating  pronie 

defined  by  f(y). »  straightforward  application  of  eiecuomagnetic  boundary  conditions  leads  to  the  following  set  of 
coupled  linear  difTeiential  equations  (as  explained  in  the  appendix): 

X  I  X  |||.n  (-On**)  AnXm-n^Pn**)  *  BnXm-n^'Pn")  1  ~  XmfktU);  5, 

n 


X I  AnXro.n(Pn«)  «P<»  PnO  ♦  BnXm-n<  Pn«)  «*P(  i  PnO  *  Vm-nCTn")  1 »  O’* 


XIV 


V  .  A  ■W«>A)^-kmkn  ,  ^ 

Xin-o^*®n“)  An(  ^  )X|n.n(Pn’*) 


n 

+B. 


‘^meii 


S  (Arf*”**  X|I1-I1<P»“) “!<' M  •  "* “P('* M 


n 


*meiPn 


^6% 
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whae  Xp(p)  is  the  Fourier  irtnsfonn  of  the  grating  profile  defined  by 

dl/2 

Xp(p)*j/exp(-ipgy)cxp(ipf(y))dy.  9. 

-4/2 


Here  p  (sm-n)  is  an  integer  and  p  is  given  by  a„u,  or  YnU.  In  Eqs.  S*8  both  n  and  m  go  from  -<«  to  . 

Computaiionally.  ho  wever,  the  series  is  truncated  at  values  for  which  inclusion  of  next  higher  order  term  does  not 
lesult  in  any  change  of  the  previously  calculated  value.  The  Fourier  transform  integral  can  be  evaluated  for  any 
given  grating  profile.  In  particular,  for  sinusoidal  profiles  eq.  9  gives  the  familiar  Bessel  function  expansion,  and 
has  been  investigated  in  detail  elsewhere  (13).  Convergence  for  this  particular  profile  is  obtained  for  njn  =  2.  For 
other  nonanalytical  profiles,  i.e..  square  or  recungular,  the  Rayleigh  assumption  is  usually  not  valid,  however,  it 
was  pointed  out  by  Hill  et  al.  (19]  that  k  hallow  gratings  (u/d  .07),  this  method  can  still  be  applied  with 
reliable  results.  In  our  numerical  calculations,  we  have  tested  for  consistent  results  for  njn  as  large  as  10  leading 
10  an  S4  X  84  matrix  inversion.  For  numerical  calculations,  the  grating  profile  used  for  evaluating  the  integral  Eq. 

9  is  shown  in  Fig.  S  (see  appendix  for  more  deuils).  The  actual  SEM  profile  of  Si  grating  ( depth  sl6  nm)  used  in 
the  experiments  is  shown  in  Fig.  8c.  The  real  and  imaginary  pans  of  the  dielecuic  constant  ot  Al  were  allowed  to 
vary  independently  to  obuin  the  best  fit  to  the  experimentally  observed  resonance  lineshapes.  The  shift  in  the 
resonance  angle  was  strongly  dependent  on  the  real  part  of  the  dielectric  constant,  the  width  of  the  resonance  was 
a  function  of  both  the  real  and  imaginary  paru  of  the  dielectric  constant  Also  a  3%  variation  in  either  the  film 
thickness  or  the  grating  depth  did  not  result  in  a  shift  of  the  resonance  angle. 

6.  COMPARISON  OF  ELLIPSOMETRIC  AND  SPW  DATA 

In  Table  1,  we  have  compared  the  dielectric  constants  calculated  by  the  two  different  techniques.  For 
film  thickness  below  10  nm.  the  meui  films  did  not  show  the  characteristic  SPW  lineshape,  ihaefore  it  was  not 
possible  to  calculate  the  corresponding  dielectric  consunts.  The  comparison  of  the  data  shows  that,  in  general,  the 
values  calculated  from  the  two  methods  were  within  6%  of  each  other,  although  for  some  cases,  especially  for  - 


t 


)0-nro  thick  fllms.  the  dirfeicnce  was  much  larger.  For  both  cases,  the  variation  of  the  dkiectiic  consunts  «eic 
similar.  The  values  calculated  by  SPW  method  were  in  general  larger  than  the  ellipsomeuic  values  for  thinner  (< 
30  nm)  and  smaller  for  thicker  films.  The  SPW  results  were  in  good  agreement  with  the  literature  (20-21].  The 
lineshape  of  the  SPW  resonance  is  influenced  by  grating  profile,  by  the  substrate  on  which  grating  is  defined  as 
well  as  by  the  presence  of  very  thin  AI2O3  films  on  Al  films,  effects  of  ail  of  these  variations  are  evaluated  in  the 

following  sections. 

6a.  INFLUENCE  OF  CRA'  :N<3  PROF1LF.S 

In  our  wnrk,  the  depth  of  the  grating  was  chosen  to  keep  the  coupling  strength  well  within  the  Rayleigh 
criterion  (h/d  -  .07).  In  Fig.  6,  we  have  calculated  SPW  lineshapes  for  three  different  profiles  assuming  same 
period  fd=47  ^  nm),  depth  (h=16  nm),  and  dielectric  ccmstani  (c%-46,l6),  the  difference  in  profile  changes 
coupling  efficiencies,  but  there  are  no  significant  changes  in  the  resonance  angles  and  widths.  In  addition  to  the 
grating  profile,  the  substrate  in  which  (he  grating  is  fabricated  also  plays  an  important  part.  In  Fig.  7.  we  have 
shown  experimental  and  calculated  SPW  lineshapes  for  SO-nm  thick  AI  films  deposited  on  Si  (hsI6nm),  Si02 

(h=l7  nm).  and  photoresist  (h=36  nm)  gratings.  The  profiles  of  these  grau'ngs  are  shown  in  Fig.  8.  The  dielectric 
constants  of  the  films  on  Si02  vtd  photoresist  are  characterized  by  (-40.1,14,6)  and  (-32.2, 12.8) .  It  is  seen  that 

dielectric  constant  of  the  film  deposited  on  photoresist  is  significantly  differeni  from  the  values  in  Table  I.  This 
suggests  that  the  photoresist  surface  being  significantly  rougher  than  either  Si02  or  Si  results  in  the  growth  of 

poor  quality  films. 

6b.  INFLUENCE  OF  OXIDE  LAYERS 

When  a  freshly  deposited  Al-film  is  exposed  to  the  atmosphere  at  room  temperature,  a  uanspaient, 
amorphous  oxide  layer  immediately  forms  on  the  meuil  surface.  Hass  reported  that  (he  oxide  within  a  few  hours 
grows  to  a  thickness  of  approximately  I S-20  A  .  but  further  growth  occurs  slowly  reaching  a  maximum  of  4S  A 
after  one  month  (22).  In  order  to  investigate  the  influence  of  Al  oxide  film  on  the  SPW  resonance  lineshape  of  Al 
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nUns,  we  deposited  very  thin  (5-20  A)  nims  of  AI2O3  on  an  approximately  40-nm  thick  A1  flint.  In  Fif.  9.  we 
have  shown  the  results  of  S  and  20  A  oxide  on  the  SPW  lincshape.  The  solid  line  represents  bare  Al  flint 
(thickness  =  40  nm.  Fig.  3c).  5  A  oxide  film  significanUy  alters  the  SPW  resonance  characteristics  increasing  the 
resonance  width  by  17%.  resonance  angle  by  6%,  and  decreasing  coupling  efficiency  by  1 1%.  The  corresponding 
numbers  for  20  A  film  were  31%.  25%.  and  21%.  Assuming  the  dielectric  constants  of  bulk  Al  (21]  in  literature  (• 
46.36. 16.69  ).our  calculations  showed  that  the  resonance  angle  was  .6*^  in  comparison  with  the  corresponding 
values  of  .74®  and  .76®  for  evaporated  and  sputtered  films  (thickness  =  50  nm).  Assuming  an  oxide  layer  of  20  A 
(n  =  1 .66)  on  bare  Al  substrate,  our  calculations  showed  that  the  resonance  angle  increased  by  .16®.  which  is  in 
good  agreement  with  our  data.  However,  deposition  of  5-20  A  AI2O3  resulted  in  increases  in  resonance  angles 

which  were  almost  twice  .32®*  Therefore,  it  appears  that  the  oxide  film  is  not  limited  to  the  surface,  but  also 
penetrates  in  the  Al  film  and  changes  its  composite  dielectric  constant.  This  is  reflected  in  the  much  higher 
resistivity  of  oxide  coated  films  as  will  be  shown  later. 

7.  SEM  MEASUREMENTS 

Grain  boundaries,  voids,  and  other  inhomogeneities  significanUy  affect  the  optical  properties  of  thin  films 
(23*24].  This  is  reflected  in  the  large  differences  of  the  dielectric  constants  of  the  films  (Table  I).  In  Fig.  10,  we 
have  shown  a  series  of  scanning  electron  micrographs  (SEMs)  of  the  Al  films  as  a  function  of  dikkness.  The 
increase  in  grain  sizes  b  consistent  with  similar  behavior  for  metal  films,  such  as  silver  [25].  The  grain  sizes  and 
boundaries  for  evaporated  films  (Fig.  lOa)  are  significanUy  larger  than  Uie  films  deposited  by  sputtering  and  ioo- 
assbted  sputtering  (Figs.  IQb  &  lOc).  For  evaporated  films,  Uie  film  disconUnuities  decrease  rapidly  with 
thickness,  and  also  die  film  surface  appears  very  smooUi.  The  behavior  of  boUi  sputtered  and  IAS  films  b 
difTetenu  the  grain  size  increase  wiUi  film  dtickness  is  slow,  and  Uie  film  surface  appean  rough  and  discontinuous. 
These  results  indicaie  Uut  Uie  process  of  film  growUi  by  evaporation  and  sputtering  is  fundamentally  differenL  In 
evaporated  films,  die  grain  boundaries  are  interconnected,  die  individual  grains  are  not  spherically  symmetric,  and 
the  structure  as  a  whole  appears  continuous.  With  sputtered  and  IAS  films,  however,  the  grain  boundaries  are  not 
interconnected,  die  individual  grains  are  approximately  spherical,  and  the  structure  as  a  whole  appears 
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dijconUnuous.  The  dkleciric  response  (Table  I)  of  these  nims  provides  us  with  a  simple  means  of  calcubtiaf  the 

density  of  the  films  (31.  Using  the  Bniggeman  effccuve  medium  approximation  (261.  it  is  possible  to  define  an 
eneclive  dietecuic  consunt,  c,  for  the  film  in  terms  of  die  bulk  dielectric  constant  (£^*1  =  -*6.36. 16.69)  and  the 

volume  fraction  of  voids  in  the  film, 

(2X-1)  ♦  en,et(2-X)  W((2X-1)  ♦  €n»ei<^X)l-  ^ 

4(ux) 

where  X  is  the  ratio  of  void  volume  fraction  to  the  mcial  volume  fraction.  Using  this  equation,  and  given  the 
measured  dielectric  constants  in  table  I,  we  calculated  the  void  fractions  of  0.01. 0.06.  and  0.17  for  evaporated, 
sputtered,  and  IAS  films.  For  thinner  films  (<  20  nm)  corresponding  measured  dielectric  constants  (Table  1)  were 
not  in  good  agreement  with  calculated  values  from  Eq.  10  for  any  value  of  X.  A  comparison  of  the  structures  of 
sputtered  and  IAS  films  (Figs.  lOb  &  10c)  shows  that  the  film  morphology  is  very  similar  for  both  films,  and 
therefore  the  large  void  fraction  difference  as  predicted  by  Eq.  10  is  misleading.  This,  coupled  with  increasing 
disagreement  for  thinner  films,  suggests  that  the  Bruggeman  effecUve  media  approximation  is  not  appropriate  to 
describe  the  composite  metal  structure.  As  will  be  seen  in  the  next  section,  the  structural  changes  at  the  grain 
boundaries  play  a  major  role  in  determining  the  dielecuic  properties. 


B.  RESISTlVrfY  MEASUREMENTS 

Resistance  measurements  provide  information  about  the  internal  structure  of  the  metal  films  (24).  Using 
standard  four-point  probe  technique  127).  the  resistivity  of  all  films  for  which  optical  measurements  had  been 
performed  was  determined.  In  Fig.  1 1,  the  resistivity  is  plotted  as  a  function  of  film  thickness.  The  solid  and 
dotted  lines  are  the  result  of  theoretical  modeling  and  will  be  discussed  below.  From  the  data,  the  following 
salient  features  are  apparent: 

I.  for  evaporated  films,  the  resistivity  ratios,  i.e..  film  resistivity/bulk  resistivity,  where  ph  «  2.73  p  0-cm  (Ig) 
varied  from  1 1.24  to  1.18  for  film  thickness  increasing  from  approximately  7  to  100  nm; 
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2.  for  sputteml  fllms,  the  lestsUviiy  ratios  varied  from  36  to  2.6S  as  fllm  thickness  increased  from  S  lo  SO  mm. 
and: 

3.  for  IAS  films,  the  resistivity  ratios  varied  from  13  to  3.96  as  film  thickness  increased  from  6  to  100  nm. 

The  resistivity  of  vacuum  deposited  thin  metal  films  depends  on  the  thickness,  grain  size,  and  the 
impurities  present  in  the  film.  Various  theories  have  been  developed  to  account  for  the  thickness  variation  of  the 
resistivity  (29-34].  In  the  Fuchs-Sondheimer  (F-S)  theory’  (29].  assuming  free  electron  model  the  increase  in  the 
resistivity  of  the  film  with  decreasing  film  thickness  is  modeled  by  assuming  that  the  electron  scattering  at  the 
film  surfaces  modifies  the  electron  disuibuiion  resulting  in  an  expression  for  the  thickness  dependence  of  the 
resistivity.  This  theory,  however,  shows  small  thickness  dependent  contribution  for  films  thicker  than  the  mean 
free  path  of  the  electrons.  For  films  much  thinner  than  the  electron  mean  free  path.  Lovel  and  Appteyard  (L-A) 
also  developed  an  expression  for  resistivity  dependence  of  thickness  (30].  We  have  not  been  able  to  fit  our  dam 
with  either  of  these  theories.  In  F-S  theory,  the  high  resistivity  ratios  obtained  experimentally  force  the 
calculations  to  pick  abnormally  high  mean  free  paths  reducing  the  applicability  of  the  theory  to  either  very  low 
temperatures,  or  to  very  thick  films  at  room  temperatures.  The  L-A  theory  is  not  suitable  for  the  range  of  film 
thicknesses  in  our  experiment.  We  therefore  used  a  very  simple  empirical  expression  due  to  Planck  [35]  to  fit  our 
resistivity  data  for  the  films.  According  to  this  expression,  the  film  resistivity  as  r  function  of  thickness  is  simply 
given  by 

Pi=PbO*7)-  “ 

where  P|  is  the  thickness  dependent  resistivity,  is  the  bulk  resistivity,  and  t  is  the  film  thickness.  The  constant 
A  was  later  specified  to  be  4 1^  /  a .  where  1^  is  the  elecuon  mean  free  path,  by  amply  averaging  over  the 

reduction  of  electron  mean  free  path  for  film  thickness  less  than  the  electron  mean  free  path  (36].  For  films 
thicker  than  the  mean  free  path,  a  smaller  value  of  A  -  3 1^  /  8  is  appropriate  since  some  of  the  electrons  are  not 
stopped  by  the  film  surfaces  (31].  In  Fig.  11a.,  we  have  plotted  Eq.1 1  with  A  s  4  l^/x  for  mean  free  paths  of  14 

nm  (dotted  line),  as  calculated  from  bask  principles  (37. 28]  and  30  nm  (solid  line)  as  given  by  Mayadas,  et  aL 
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1331.  With  le  »  14  nm,  the  fit  is  better  for  thicker  films  (40^  nm).  while  for  thinner  films,  the  fit  is  better  M » 
30  nm.  The  same  calculation,  however,  does  not  predict  the  higher  resistivities  found  for  sputtered  and  lAS  films 
(Table  1).  Therefore,  in  addition  to  thickness  dependence,  there  is  also  structure  (grain  sue.  boundaries,  defects, 

etc.)  dependence  of  resistivity.  According  to  Mathiessen's  rule  (36|.  the  total  resistivity  of  the  meul  film  can  then 
be  expressed  as  the  sum  p  s  P|-«-pg  where  pg  is  the  resistivity  due  to  the  scattering  of  electron  by  lattice  defects, 
grain  size,  aiul  impurities,  and  P|  is  given  by  Eq.  1 1.  For  films  deposited  by  different  techniques  p^  shows 
approximately  similar  behavior.  TIk  grain-dependent  resistivity.  Pg,  varies  according  to  the  growth  conditions  of 

the  film.  Mayadas  and  Shatzkes  developed  a  model  to  predict  qualitatively  the  effects  of  grain  boundary 
scattering  [33).  Their  calculations  showed  that  the  measured  resistivities  increase  significantly  due  to  the 
scattering  from  the  grain  boundaries.  In  this  model,  the  grain  boundaries  are  represented  as  partially  reflecting 
surfaces  normal  to  the  plane  of  the  film,  separated  by  an  average  distance  D.  The  ratio  between  the  grain  and  the 
bulk  resistivity  is  given  by 

2*  s  1  -  ^  ♦  3a2 . 3a^ln(l+a**>  n 

Pb  ^ 


where  a  is  defined  by  (  ^  ^  >be  elecuon  reflection  coefneiem  at  the  tefiecting  planes 

(corresponding  to  grain  boundaries).  From  the  SEM  analysis,  it  is  evident  that  the  distance  D.  which  has  also  been 
identified  as  grain  size,  is  similar  for  both  spuuered  and  IAS  films.  Therefore,  the  increased  contribution  to 
resistivity  appears  to  come  from  increased  leflecunce  at  the  grain  boundaries.  In  Figures  1  lb  A  1  Ic,  we  have 
(dotted  the  sum  p  =  P|  4  pg  for  R  s  .OS  and  .65.  h  is  seen  that  a  reasonably  good  agreement  is  obtained  with  30 

nm  mean  free  path.  The  large  value  of  R  for  IAS  films  suggests  that  the  ion  bombardment  during  sputtering  results 
in  significant  changes  in  the  shape  of  the  Fermi  surface,  and  the  potential  barrier  at  the  grain  boundaries.  Similar 
behavior  has  been  observed  for  Ag  films  by  Parmigiani,  et  al.  (7).  Finally,  in  Fig.  12,  we  have  plotted  the 
measured  resistivities  as  a  function  of  SPW  resonance  angle  and  width.  The  experimental  daa  of  Ftg.  12a 
represenu  five  films  of  approximately  40-nm  thickness  deposited  by  thermal  ev^nration.  magnetron  sputtering, 
lon-assisied  ottering,  and  Altered  films  with  S  and  20  A  AI2O3  films.  The  solid  line  presents  a  first  order 
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polynomial  fit  ihni  the  dau  points.  The  increase  in  resonance  angle  corresponds  to  a  similar  increase  in  filoi 
revstiviiy  providing  an  excellent  non-invasive  monitor  for  film  characterization.  Similar  behavior  is  also  observed 
by  plotting  the  SPW  resonance  width  versus  film  resistivity  as  thickness  is  inaeased  from  I0><i0  nm  for  thermally 
evaporated  filmsCFig.  12b).  This  shows  that  the  wider  the  resonance,  the  larger  is  the  film  resistivity.  Both  of  these 
parameters  (Res.  angle  and  width)  are  related  to  the  film  dielecthc  constants,  which  are  related  to  the  resistivity. 
For  metals  with  imaginary  part  of  the  dielectric  constant  much  smaller  than  the  real  pan  (Au.  Ag.  etc.)  simple 
analytical  relationships  exist  between  resonance  parameters  and  the  dielectric  constants.  In  case  of  Al,  however,  it 
is  not  possible  to  determine  a  simple  analytical  relationship.  Our  calculations  and  the  expcrimenul  data  (Figs.  t2a 
&  12b).  however,  suggest  a  linear  response  of  resistivity  with  increase  in  resonance  angle  and  width. 

9.  CONCLUSIONS 

A  detmled  investigation  of  the  optical,  structural,  and  electrical  properties  of  Al  films  in  the  S-60  nm 
thickness  range  has  been  carried  out  The  measurement  of  metal  film  optical  properties  using  grating  excitation  of 
SPWs  is  shown  to  provide  rimple,  readily  inietpreiable  results.  The  influence  of  diffeient  substrates  and  profiles 
has  been  investigated.  A  comparison  of  the  film  structure  of  evaporated,  sputtered,  and  IAS  films  by  SEM 
analysis,  and  optical  measurements  suggests  that  a  description  of  effective  medium  dielectric  constant  in  terms  of 
the  ptesetKC  of  voids  is  inappropriate.  A  comparison  of  the  electrical  resistivities  shows  that  the  scattering  from 
the  grain  boundaries  substantially  increases  the  resistivities  of  the  films  grown  by  ion-bombardment .  It  has  been 
shown  by  Zieman  et  al.  [38]  that  for  the  films  grown  under  ion-bombardment,  two  distinct  regimes  exist  one 
regime  where  resistivity  increases  and  grain  size  decreases  with  increasing  energy  delivered  to  the  substrate 
during  deposition  process,  and  the  second  regime,  which  occurs  at  higher  deposition  rates  where  the  reverse 
behavior  is  observed.  The  experimental  data  presented  here  show  that  these  films  correspond  to  the  the  first 
regime  where  energy  delivered  to  the  substrate  increases  from  evaporated  to  IAS  films  along  with  an  increase  a 
resistivity,  although  our  SEM  measurements  did  no  show  a  sgnificant  change  in  the  gram  sizes  of  IAS  films,  h  ii 
suggested  that  the  increased  resistivity  of  the  sputtered  and  IAS  films  is  due  to  an  inaease  in  grain  boundary 


reflectance. 
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APPENDIX 


The  boundary  conditions  at  the  two  interfaces,  mctal-air  and  metal-substrate,  are  given  by 

®vac'  ®mct  ® 

®oiet  *  ®sub  ® 


1 

2. 

3. 

4. 


where 


a  3f(y)  a 
^aa'  3  y  a/- 


5. 


On  applying  these  boundary  conditions  at  z  s  -t-t-uffy)  and  z  =  ufl(y).  where  u  is  the  grating  amplitude  and  f(y) 
dennes  the  grating  ptoTile,  and  taking  the  FOurier  transform  of  the  resulting  set  of  equations,  one  arrives  at  the  set 
of  equations  (S-8)  given  in  the  text  The  Fourier  transform  integral  (Eq.  9)  for  the  grating  pronie  (Fig.  S)  can  be 

solved  analytically  by  assuming  that  in  the  region  ±b|d/2  to  the  grating  proTiIe  can  be  described  by  the 

±4u/'d 

straight  line  equation  y=mx*c.  with  m  »  .  and  c  s  ,  where  bj  and  b2  were  determined  from  SEM 

measurements  (Fig.  7c)  to  .606  and  .367  respectively.  The  integral  in  Eq.  9  can  therefore  be  evaluated  for  p=0  as 

r,exp(prp 

Xq  (p)  =  exp(P)  (1-bi)  ♦  exp(p)  b2  ♦  — (cxp(-2pr^  -  exp(-2prj).  6, 


and  for  p  #  0, 


IS 


Xp  (p) «  (e*p(i  *pb,>*  e*p('i  iwb,))  ♦  (<xp(-i  pjib^  -  exp(i  pKb,)) 

♦  («PC*<^  * '  “P)***!  *  c^pK^  - 1  «p)b,l ) 

(?*i2Kp) 

♦  »|i(-(^*i«p)b,l).  7. 


bi*b2  ^>1+^2  ^  **1  _  _ 

with  ri  =  - - .  t2  *  ""7"’",  ri  =  7“.  r4  =  "“ .  and  p  is  defined  in  ihc  icxL  For  a  square  profile,  Eos..  6  and  7 

^2  *^1 


assume  much  simpler  forms. 


Xo(P)  =  cosh(p),  8. 


and 


Xp  (p) »  ~  sinh<p)  sin(^)  •  9. 

acknowledgements 

This  work  was  supported  by  SEM  ATECH  /  SRC.  We  would  also  like  to  acknowledge  the  assistance  of  Alfonso 
Tones.  Chris  Krannenberg,  Scou  Wilson.  Susan  Hietala,  M.  Yousaf,  and  Mike  Lang  during  the  course  of  this 

work. 

1.  B.  Drapa  is  with  the  Sandia  National  Laboratories.  Albuquerque.  New  Mexico. 

2.  J.  R.  McNeil  is  with  the  Department  of  Electrical  Engineering,  University  of  New  Mexica 

3.  S.  R.  J.  Brueck  is  with  the  Departments  of  Ekcirical  Engineering  and  Physics.  University  of  New  Mexico. 


REFERENCES 


Archer.  J.  O.  S.  A.  52. 970  (1962). 

Aspness  and  A.  A.  Studna.  Phys.  Rev.  B  27. 985  (1985). 

Aspness.  Thin  Solid  Films  89. 249  (1982). 

Johnson  and  R.  W.  Chrisiy,  Phys.  Rev.  B  6, 4370  (1973). 

King  and  S.  P  Talim.  Optica  Acu  28. 407  (1981). 

Zhizhin. ,  M.  A.  Moskalova.  E.  V.  Shomina,  and  V.  a.  Yakovlev,  1980a.  Fiz  Met  i  Met  50,  N3. 

Parmigiani,  E.  Kay.  T.  C.  Huang,  J.  Perrin,  M.  Jurich.  and  J.  D.  Swaien,  Phys.  Rev.  B  33, 879  (1986). 
Fuzi.  G.  W.  Bradberty,  and  J.  R.  Samblcs,  Jour.  Mod.  Opt.  36. 1405  (1989). 

Krctschmann  and  M.  Raether,  Z.  Naiurf  (a)  24. 2135  (1968). 

Ouo.  Z.  Phys.  261. 398  (1968). 

Elecuomagnetic  Surface  Modes,  Edited  by  A.  D.  Boardman,  Wiley  (1982). 

Surface  Polaritons.  Edited  by  V.  M.  Agranovich  and  D.  L.Mills.  Nonh-Holland  (1982). 

Saleem  H.  Zaidi.  M.  Yousaf.  and  S.  R.  J.  Bnieck,  J.  O.  S.  A.  B  8. 770  (1991). 

Saleem  H.  Zaidi.  M.  Yousaf.  and  S.  R.  J.  Brueck.  J.  O.  S.  A.  B  8. 1 348  (1991). 

Mcnally.  J.  R.  McNeil.  J.  M.  Benneu,  and  H.H.Hutt  Appl.Opt  25. 3631  (1986). 

Saleem  H.  Zaidi  and  S.  R.  J.  Bnieck,  Appl.  Opt.  27. 2999  (1988). 

UrtMn  m.  Applied  Surf.  Sci.  33/34.934  (1988). 

Toigo.  A.  Marvin.  V.  Celli.  and  N.R.  Hill,  Phys.  Rev.  B  15. 5618  (1977). 

Hill  md  V.  CeUi,  Phys.  Rev.  B  17. 2478  (1978). 

Schulz.  J.  O.  S.  A.  44. 357  (1954). 

Optical  Properties  of  Metab,GP.  Motulevich,  Consultants  Bureau  (1973). 

Hass  G..  Z.  Anorg.  Chem.  254, 96  (1947). 

OpUcal  Piopenies  of  Thin  Solid  Films,  O.  S.  Heavens.  Dover  Publications  Inc.  (1955). 

Vacuum  Deposition  of  Thin  Films.  L  Holland.  Wiley  (1969). 

Sennet  and  G.  D.  Scott.  J.  O.  S.  A.  40. 203  (1950). 


17 


O.  Bniggeman.  Ann.  Phys.  (Leipzig)  24, 636  (1935). 

Smits.  Bell  Sys.  Tech,  Joumi),  71 1  (19S8). 

Handbook  of  Physics  and  <n»cinisify.  edited  by  Wcast.  CRC  Press  (1989-90). 
Sondheimer.  Advan.  Phys.  1, 1  (1952). 

S.  Appleyard  and  A.C.  B.  Lovell,  Proc.  Roy.  Soc.  A  158.  7I8  (1937). 
Chopra  and  L.  C.  Bobb.  Acta  Metailurgica  12. 807  (1964). 

Mayadas,  Jour.  A(^.  Phys.  39.4241  (1968). 

Mayadas  and  M.  Shaukes.  Phys.  Rev.  B  1, 1382  (1970). 

Mayadas.  M.  Shatzkes.  and  J.  F.  Janak,  Appi.  Phys.  LeiL  14. 345  (1969). 
Wilkinson.  Jour.  Appl.  Phys.  22, 419  (1951). 

Weale,  Pioc.  Roy.  Soc.  Lon.  A  62. 135  (1949). 

Solid  Sute  Physics,  N.  W.  Ashcrofl,  Holt,  Rinehart  and  Winston  (1976). 
Zieman  and  E  Kay.  J.  Vac.  Sci.  Tech.  A  1.512  (1983). 


TABLE  1  Dklectric  consuntt  and  dc  resisUviUes  of  At  as  a  function  of  film 
thickness  for  evaporated,  sputtered,  and  IAS  films 


.t  I  OPTICAL  PARAMETERS  AND  dc  RESISTIVITIES 

^“^‘'AJliCTONOFF.l.MTH.CKNESS 


Rim 

Wckncss 

(nm) 


ElUp. 

Mcasuretnenu 

(er.ei) 


SPW 

Measurements 

(£f« 


Resistivity 
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figure  CAFTIONS 


Fig.  1.  Experimenial  variation  of  ellipsomeuic  parameters  A  and  y  with  Him  thickness  for  AI  films  deposited  by 
three  different  techniques. 

pig_  2  Variation  of  SPW  lineshape  for  AI  film  diick;ic$s  from  5  to  20  nm. 
pjg_  3  Variation  of  SPW  lineshape  for  AI  film  thickness  from  24  to  SO  nm. 

Fig.  4  Experimental  variation  of  SPW  parameters,  coup.  eff..  res.  width,  and  res.  angle  shift,  with  film  thickness 
for  films  deposited  by  three  different  techniques. 

Fig.  5  Profile  of  the  Si  grating  used  for  numerical  calculations. 

Ftg.  6  Variation  of  the  SPW  lineshape  for  sinusoidal,  square,  and  Fig.  5.  grating  profiles 

Fig.  7  Variation  of  SPW  lineshape  for  sputtered  AI  film  (thickness  =  SO  nm)  deposited  on  three  different 

substrates. 

Fig.  8  SEM  profiles  of  three  gratings  (Si.  Photoresist,  and  SiOj)  used  for  SPW  characterizatioo. 

Fig.  9  Influence  of  thin  oxide  films  on  SPW  lineshape  of  approximately  40  nm  sputtered  AI  films. 

Ftg.  10  SEM  measurements  of  AI  films  deposited  by  three  techniques,  a.  thermal  evaporation,  b.  magnetic 
sputtering,  and  c.  ion-assisted  magnetic  qwtterig. 

Fig.  1 1  Variation  of  AI  film  resistivity  with  thickness  and  grain  boundary  refiection  for  films 
deposited  by  three  different  techniques  assuming  two  different  values  of  electron  mean  free  path. 

Fig.  12  Variation  of  AI  film  resistivity  with  SPW  resonance  angle  for  constant  film  thickness  (a),  and  (b) 
icsistiviiy  variation  with  SPW  resonance  width  for  film  thickness  from  10  to  60  nm. 
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Low  Series  Resistance  High-Efficiency  GaAs / 
AlGaAs  Vertical-Cavity  Surface-Emitting 
Laser,  with  Continuously  Graded 
Mirrors  Grown  By  MOCVD 

P.  Zhou,  Julian  Cheng,  C.  F.  Schaus,  S.  Z.  Sun,  K.  Zheng,  E.  Armour,  C.  Hains, 

Wei  Hsin,  D.  R.  Myers,  and  G.  A.  Vawter 


Abstract— CttAt/AiGnAs  vertkal-cavity  lop-sarface-cmittiBS 
lasers  with  a  contiononsly  graded  mirror  composition  have  been 
grown  by  MOCVD,  and  planar  devices  with  proton-implant 
cnrrcnt  confinement  have  been  characterized.  Continnons  grad¬ 
ing  of  the  heterointerfaces  in  the  Bragg  reflectors  eUminated  the 
energy-hand  discontinuities,  thns  improving  carrier  transport 
and  resniting  in  a  substantial  reduction  in  the  series  resistance 
and  threshold  voltage  of  the  laser  diodes.  These  VCSEL’s  have 
excellent  room-temperature  CW  electrical  characteristics,  includ¬ 
ing  some  of  the  lowest  series  resistance,  highest  power  efficiency, 
and  lowest  operating  voltages  ever  reported. 


VERTICAL-CAVITY  surface-emitting  lasers  (VCSEL’s) 
are  well  suited  for  use  in  parallel,  two-dimensional, 
optical  switching  (1],  [2]  and  computing  [2]  architectures 
b^use  of  their  surface-normal  format,  high  power  [3],  low 
beam  divergence  [4],  and  good  modal  properties  (5}.  The 
room-temperature  CW  operation  of  t<q>-surface-emitting  VC¬ 
SEL’s  with  high  output  power  has  been  demonstrated  (3), 
although  the  series  resistance  and  threshold  voltage  of  these 
diodes  remain  high.  A  high  series  resistance  increases  the 
(grating  voltage  and  electrical  power  dissipation,  wtiich 
may  limit  the  output  optical  power,  the  temperature  range  for 
CW  operation,  and  the  overall  power  efficiency.  The  last, 
rqiresenting  the  efficiency  of  converting  electrical  power  into 
optical  power,  is  particularly  important  in  the  design  of 
high-density  parallel  arrays,  in  which  high  power  dissipation 
exacerbates  thermal  management  problems  and  limits  the 
packing  density  of  the  array.  The  large  series  resistance 
arises  from  a  combination  of  contact  resistance,  spreading 
resistance,  and  the  impedance  to  carrier  transport  arising 
from  the  energy  barriers  at  the  heterointerfaces  of  the  dis¬ 
tributed  Bragg  reflectors  (DBR  mirrors).  These  factors  also 
contribute  to  iiKreased  operating  voltages.  Contact  resistance 
has  been  reduced  by  increasing  the  contact  area  and  confining 
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the  current  via  proton  implantation  [3],  or  by  the  FSELD 
process  [6]  in  which  the  current  is  injected  laterally  from 
large-area  contacts.  To  reduce  the  series  resistance  arising 
from  the  energy-band  discontinuities  at  the  heterointerfaces, 
various  grading  techniques  have  been  proposed  for  molecu¬ 
lar-beam  epitaxy  (MBE),  iiKluding  t^  interposition  of  a 
supperlattice  [7]  or  a  piecewise-linear  gradient  with  one  or 
more  Al^Ga,  _,As  layers  of  intermediate  A1  composition  [7], 
{3]  at  each  interface.  These  efforts  have  significantly  reduced 
the  series  resistance  from  the  range  of  Idloohms  to  several 
hundred  ohms,  but  these  values  remain  too  high  to  achieve 
good  electrical-to-optical  power  conversion  efficiency.  It  is 
also  highly  desirable  to  mluce  the  operating  voltages  of  the 
VeSEL  to  below  2.5  V  to  render  them  conq>atible  with  S-V 
silicon  driver  integrated  circuiu.  The  superlatdce  grading  of 
the  heterointerface  by  MBE  is  particularly  difficult  to  imple¬ 
ment  IT]- 

On  the  other  hand,  the  continuous  grading  of  an  arbitrary 
composition  profile  can  be  readily  achieved  by  metalorganic 
vapor-phase  epitaxy  (MOVPE  or  M(X;VD).  In  this  letter,  we 
report  the  properties  of  high-quality  VCSEL’s  with  continu¬ 
ously  graded  DBR  heterointerfaces  grown  by  low-pressure 
MOCVD.  Room-temperature  CW  operation  of  these  VC¬ 
SEL’s  was  achieved,  demonstrating  high  ouqait  power  (2 
mW),  narrow  spectral  width  (0.4  A),  low  threshold  current 
(2  mA)  and  voltage  (2.5  V),  high  differential  quantum  effi¬ 
ciency  (up  to  80%),  low  series  resistaiKe  (22  Q),  and  hi^ 
power  efficiency  (4.5%).  We  believe  that  the  electrical  char¬ 
acteristics  are  comparable  to  the  best  values  reported  to  date 
I3J.  IlOJ.  HU. 

The  VeSEL  epilayer  structure  (Fig.  1)  consists  of  an 
undoped  active  region  bourxled  by  the  p-doped  and  n-doped 
DBR  mirror  stacks,  all  of  which  were  grown  on  a  buffered 
(100)  n-GaAs  substrate.  The  uj^r  p-dq>ed  DBR  mirror 
-contains  24  pairs  of  quarter-wave  Alj,Ga,_j,A8  and  AlAs 
layers.  The  A1  content  of  the  Al,Ga,_,As  is  15%,  except  at 
the  heterointerfaces,  where  it  is  linearly  graded  from  15  to 
100%  over  a  distance  of  120  A.  The  lower  n-doped  DBR 
mirror  contains  43.5  p^  of  quarter-wave  Al,Ga,_j,As  and 
AlAs  layers  with  similarly  gr^ed  A1  composition  as  in  the 
p-mirror.  The  active  layer  contains  a  syirunetrical,  graded-in- 
dex,  separate-confinement  beterostructure  (GRINSCH)  with 
four  8()-A  quantum  wells  separated  by  20-A  spacers.  The 
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total  thickness  of  the  GRINSCH-MQW  structure  corresponds 
to  a  single  wavelength  of  the  cavity  mode,  which  is  designed 
to  lase  at  846  run.  Room-temperature  pulsed  operation  of 
VCSEL’s  with  a  GRINSCH  active  layer  at  room  temperature 
has  been  reported  previously  [8]. 

The  MOCVD  growth  was  carried  out  at  72S*C  and  100 
torr  in  a  conventional  horizontal  reactor.  The  reactor  details 
and  general  approach  to  the  growth  of  VCSEL’s  have  been 
given  elsewhere  [9].  Sources  were  trimethylgallium  (TMGa), 
trimethylaluminum  (TMAl),  and  100%  arsine  in  a  hydrogen 
flow  of  10  L/min.  The  growth  rate  and  V  /ID  ratio  were  SO 
nm/min  and  SO,  respectively.  Linear  grading  was  accom¬ 
plished  by  simultaneous  ramping  of  TMGa  and  TMAl  flows 
in  0.1-s  increments.  Diethyltcllerium  (DETe  74  ppm  in  H2) 
and  carbon  tetrachloride  (CCI4  400  ppm  in  Hj)  were  used 
for  nominal  doping  levels  of  3  x  lO"  cm~^  in  the  mirror 
layers.  The  60-A  GaAs  p-contact  layer  was  doped  using 
diethylzinc  (DeZn)  to  a  level  of  1  x  10“  cm”*.  A  combina¬ 
tion  of  photoluminescence  and  reflectance  spectroscopy  were 
used  to  calibrate  the  layer  thicknesses. 

The  VCSEL  device  structure  is  a  planar,  top-surface-emit¬ 
ting,  large-contact-area  design  similar  to  that  described  in 
[3].  Current  confinement  is  achieved  by  the  implanution  of 
310-keV  protons  at  a  dosage  of  3  x  10'^ /cm*  around  a 
masked  active  area  whose  diameter  ranges  from  S  to  40  fita. 
A  post-implant  anneal  at  430*C  for  30  s  was  carried  out. 
Large-area  Ti-Pt-Au  p-contacts  and  Au-Ge-Ni-Au  n-contacts 
were  used. 

Fig.  2  shows  the  room-temperature  CW  electrical  (cur- 
rent-voltage)  and  optical  Oight-current)  characteristics  of 
representative  VCSEL’s  with  active  area  diameters  of  8,  11, 
20,  and  35  nm.  Their  lasing  thresholds  occur  at  2.2  mA  (3.4 
V),  2.7  mA  (3.2  V),  6.0  mA  (3.0  V),  and  9.6  mA  (2.1  V), 
corresponding  to  threshold  current  densities  of  4.4,  2.8,  1.9, 
and  1.2  kA/cm*.  The  series  resistances  are  75,  50,  30,  and 
22  Q,  (measured  at  a  current  of  20  mA)  respectively,  which 
are  at  least  a  factor  of  3  lower  than  the  values  for  comparably 
sized  devices  reported  in  [3].  Peak  output  optical  power 
ranges  from  0.5  mW  for  the  8-/im  devices  to  2.0  mW  for  the 
35-|tm  devices,  which  are  not  solder  bonded  or  optimally 
heat  sunk.  The  differential  quantum  efficiency  ranges  from 
50%  for  the  35-rtm  devices  to  80%  for  the  i-fim  devices. 
The  lower  efficiency  of  the  larger  size  devices  are  largely  due 
to  a  lower  rate  of  stimulated  emission  resulting  from  the 
larger  spatial  intensity  variations  in  a  multimode  optical  field, 
which  does  not  effectively  utilize  the  more-or-less  uniform 
carrier  (gain)  distribution  in  the  active  region. 

The  lower  operating  voltages  and  the  very  low  series 
resistances  of  the  VCSEL’s  indicate  that  the  electrical  charac¬ 
teristics  have  been  substantially  improved  by  the  grading,  and 
that  thermal  dissipation  has  bMn  significantly  reduced.  How¬ 
ever,  the  optical  output  is  not  yet  optimal,  due  in  large  part  to 
the  misalignment  of  the  cavity  mode  with  the  gain  peak,  and 
in  pari  to  the  very  large  number  of  quarter-wave  pairs  in  the 
DBR  mirrors  aixl  to  inadequate  heat  sinking.  Tlw  thickness 
uniformity  of  wafers  grown  by  MOCVD  across  a  2-in-diame¬ 
ter  wafer  is  about  1-2%,  which  results  in  a  ±15-nm  varia- 
tioD  in  the  position  of  the  Fabry-Perot  mode.  No  effort  was 
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Rg.  1.  Coinpositioii  profile  of  the  VCSEL  showing  the  grading  of  the  A1 
composition  in  the  p-doped  and  n-doped  DBR  minor  layers,  and  in  the 
GRINSCH  active  layer,  which  contains  four  CaAs  quantum  wells. 


(b)  (d) 

Fig.  2.  Voltage-current  (V-l)  and  light-current  (L-/)  characteristics  of 
four  VCSEL’s  with  active  area  diameters  of  (a)  8,  (b)  11,  (c)  20,  and  (d)  35 
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made  to  select  the  portion  of  the  wafer  in  which  the  mode 
position  is  best  aligned  to  the  gain  peak.  With  improved 
alignment  and  better  thermal  management,  higher  optical 
power  and  thus  improved  power  efficiencies  (in  excess  of 
10%)  should  be  possible.  Despite  the  nonoptimal  optical 
alignment,  the  demonstration  of  a  power  efficiency  of  4.5% 
(which  is  the  highest  value  reported,  to  our  knowledge)  is 
indicative  of  the  excellent  electrical  characteristics  that  have 
been  achieved.  Nearly  aU  the  VCSEL’s  showed  good  lasing 
characteristics,  and  the  device  parameters  have  good  local 
uniformity.  However,  due  to  processing  inhomogeneities, 
significant  systematic  variations  in  the  device  parameters 
occur  across  some  parts  of  the  wafer.  To  obtain  a  meaningful 
comparison  of  devices  of  different  sizes,  the  average  values 
of  the  threshold  current  density,  series  resistance,  and  thresh¬ 
old  voltage  for  VCSEL’s  from  the  same  part  of  a  wafer, 
whose  active  areas  range  from  8  to  35  ftm,  are  shown  in  Fig. 
3.  The  data  show  the  monotonic  decrease  of  all  three  charac¬ 
teristics  with  increasing  device  diameter.  The  average  thresh¬ 
old  of  0.88  kA/cm*  for  the  35-/tm  devices  is  comparable  to 
the  best  results  for  similar  device  structures  [3].  IIk  lowest 
threshold  current  density  of  780  A/cm*  was  achieved  by  a 
40-;im-diameter  device.  Lasing  was  observed  up  to  a  temper¬ 
ature  of  82*C,  with  an  output  power  of  0.2  mW. 
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Fig-  3-  Variitions  of  the  (a)  threshold  current  density,  (b)  diode  series 
resistance,  and  (c)  threshold  voltage  of  the  VCSEL's  as  a  function  of  active 
area  diameter. 


(a)  (b) 

Fig.  4.  Pulsed  light-current  characteristics  and  the  spectral  properties  of 
the  light  output  at  several  values  of  drive  current  for  a  VCSEL  whose  active 
area  diameter  is  (a)  1 1  i>m  and  (b)  14  ^im. 


VCSEL's  with  continuously  graded  DBR  heterointerfaces 
grown  by  MOCVD.  These  results  represent  the  best  VCSEL 
characteristics  that  have  been  reported  for  MOCVD-grown 
materials,  with  excellent  threshold  current  density,  differen¬ 
tial  quantum  efficiency,  and  spectral  characteristics.  Widi 
respect  to  series  resistance,  operating  voltages,  and  overall 
power  efficiency,  these  results  represent,  to  our  knowledge, 
the  best  data  reported  for  a  top-surface-emitting  VCSEL,  and 
compare  very  favorably  with  bottom-sorface-emitting  VC- 
SEL’s.  This  can  be  attributed  to  the  effectiveness  of  MOCVD 
in  grading  the  heterointerfaces  and  thus  minimizes  the  series 
resistance  contribution  from  the  energy-band  discontinuities. 
Further  improvement  in  optical  output  power  and  highn’ 
power  efficiencies  can  be  achieved  by  c^itimization  of  the 
DBR  minor  characteristics,  improved  heat  sinking,  and  opti¬ 
mized  processing  conditions. 
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The  series  resistances  and  threshold  voltages  are,  to  our 
knowledge,  the  lowest  values  ever  reported  for  vertically-in¬ 
jected,  tqp-surface-emitting  VCSEL’s  and  can  be  directly 
attributed  to  the  continuous  grading  of  the  heterointerfaces. 
Slightly  higher  resistances  (than  the  24  Q  for  our  20-^m-di- 
ameter  devices)  were  reported  for  bottom-surface-emitting 
VCSEL’s  (40  0  for  20-^m  squares  (lOJ)  and  VCSEL  arrays 
(28  0  for  20-/im  squares,  pulsed  [1 1]),  in  which  a  continuous 
top  electrode  was  used  to  reduce  the  contribution  from  the 
spreading  resistance.  However,  the  threshold  voltages  (4-S 
V  [10],  [11]).  differential  quantum  efficiency  (8%  [11])  and 
the  overall  power  efficiency  (0.8%  [10])  of  these  devices  are 
not  comparable  to  the  values  reported  in  this  work  (2.6  V, 
60%,  and  3%,  respectively). 

Fig.  4  shows  the  spectra  for  VCSEL’s  with  active  area 
diameters  of  1 1  and  14  pm  at  different  drive  current  levels. 
Also  shown  are  their  pulsed  light-current  characteristics 
(0. 1  %  duty  cycle)  at  room  temperature.  Well  above  thresh¬ 
old,  the  spectrum  of  the  smaller  device  shows  a  single  peak 
with  a  full  width  at  half  maximum  (FWHM)  of  0.7  A.  The 
best  devices  show  an  FWHM  of  less  than  0.4  A,  which  is 
resolution  limited.  Even  below  threshold,  the  spectrum  is 
relatively  narrow,  which  is  indicative  of  the  very  high  Q  of 
the  resonant  cavity.  For  the  larger  device,  the  spectrum 
shows  a  dominant  peak  at  threshold,  although  a  vestige  of  a 
second  mode  is  already  apparent.  As  the  drive  current  in¬ 
creases.  a  discontinuity  in  slope  of  the  L-I  characteristics 
can  be  observed,  concomitant  with  the  growth  of  a  second 
dominant  peak  in  the  spectrum  (shifted  toward  higher  ener¬ 
gies).  This  corresponds  to  the  appearance  of  a  higher  order 
optical  mode.  At  still  higher  drive  currents,  a  third  and  even 
higher  energy  mode  appears. 

In  conclusion,  we  have  presented  the  room-temperature 
CW  electrot^cal  characteristics  of  planar  proton-implanted 
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Cascadable,  Latching  Photonic  Switch  with 
High  Optical  Gain  by  the  Monolithic 
Integration  of  a  Vertical-Cavity 
Surface-Emitting  Laser  and  a 
pn-pn  Photothyristor 

Ping  Zhou,  Julian  Cheng,  C.  F.  Schaus,  S.  Z.  Sun,  C.  Hains,  K.  Zheng,  E.  Armour,  W.  Hsin,  D.  R. 

Myers,  and  G.  A.  Vawter 


Abstract— yit  report  the  first  demonstratioo  of  a  cascadaMe 
photoak  switch  ba^  on  the  monolithic  integration  of  a  multi' 
qaantitm-wcD  vertical'cavity  surface-emitting  laser  (VCSEL)  and 
a  latching  pn-pn  photothyristor  grown  by  LP-MOCVD.  The 
VCSEL  and  pn-pn  photothyristor  structures  can  be  Independ¬ 
ently  optimizmi  for  optical  switching,  logic  and  memory  func¬ 
tions.  Optical  switching  with  high  gain  (30000),  high  contrast 
(30  dB),  low  switching  power  (11  nW),  and  latching 
memory  have  been  demonstrated. 

VERTICAL-CAVITY  surface-emitting  lasers  (VCSEL’s) 
are  well-suited  for  use  in  parallel,  two-dimensional, 
optical  switching  and  computing  [1],  [2]  architectures  be¬ 
cause  of  their  surface-nomud  format,  parallel  optical  access, 
high  output  power,  low  beam  divergence,  and  good  modal 
properties.  Optical  switches  based  on  the  integration  of  het¬ 
erojunction  phototransistors  (HPT’s)  or  photothyristors  (pn-pn 
devices)  with  a  VCSEL  provide  optical  gain,  switching, 
control,  and  logic  without  an  electronic  intermediary.  By 
varying  the  degree  of  positive  optical  or  electrical  feedback 
between  the  VCSEL  and  HPT,  these  structures  can  function 
alternatively  as  an  optical  amplifier,  an  optical  switch,  or  a 
bistable  logic  or  memory  device. 

Surface-normal  optical  switches  based  on  the  monolithic 
integration  of  a  HPT  with  an  LED,  [3]-[51  or  an  edge-emit¬ 
ting  AlGaAs/GaAs  laser  [6]  have  been  extensively  studied. 
The  former,  sometimes  called  the  VSTEP  (vertical-to-surface 
transmission  electrophotonic  switch)  [5],  has  been  integrated 
into  large  (32  x  32),  monolithic,  optically  addressable  arrays 
[7].  However,  LED-based  switches  are  power-inefficient  de¬ 
vices  with  low  optical  gain  and  serious  optical  crosstalk 

Manuscripl  received  June  28.  1991;  revised  August  27.  1991.  University 
of  New  Mexico  work  was  supponed  by  the  Air  Force  Office  of  Scientific 
Research  under  Contract  AFOSR-91-0343  DEF  and  by  DARPA;  Sandia 
National  Laboratory  work  was  supported  by  the  Department  of  Energy  under 
Contract  DEAC04DF00789. 

P.  23iou.  1.  Cheng,  C.  F.  Schaus,  S.  Z.  Sun,  C.  Hains,  K.  Zheng,  E. 
Armour,  and  W.  Hsin  are  with  the  Center  for  High  Technology  Materials, 
University  of  New  Mexico,  Albuquerque,  NM  87131. 

D.  R.  Meyers  and  G.  A.  Vawter  are  with  Sandia  National  Laboratories, 
Albuquerque.  NM  87183. 

IFFJ.  Log  Number  9103693. 


problems,  while  edge-emitting  laser-based  photothyristors  are 
incompatible  with  two-dimensional  array  architectures.  The 
advent  of  VCSEL’s  presents  a  solution  to  these  problems  and 
opens  new  vistas  for  compact  two-dimensional  laser-based 
switching  arrays,  provided  that  their  thermal  dissipation  can 
be  made  tractable.  Recent  improvements  in  VCSEL  charac¬ 
teristics,  including  lower  series  resistance,  threshold  voltage, 
current  density,  and  higher  quantum  and  power  efficiencies 
[8],  have  sig^cantly  enhanced  the  propects  for  VCSEL- 
based  switching  arrays. 

Boolean  optical  logic  functions  [1]  and  binary  arithmetic 
operations  [2]  have  been  demonstrated  by  the  use  of  optical 
switches  and  logic  gates  based  on  GaAlAs/GaAs  VCSEL’s 
and  HPT’s.  These  thresholding  VCSEL/HPT  optical  switches 
have  high  c^cal  gain  (20)  and  contrast  (32  dB),  but  do  not 
exhibit  bistable  or  latching  characteristics  in  the  absence  of 
positive  qytical  feedback,  which  requires  that  the  HPT  and 
VCSEL  be  veiticaUy  aligned.  VCSEL-based  c^cal  switches 
have  also  been  demonstrated  by  the  monolithic  integration  of 
an  InGaAs  VCSEL  with  a  GaAlAs/GaAs  HPT  [9]  or  an 
embedded  pn-pn  structure  [10].  In  these  designs,  a  strained 
InGaAs  quantum-well  active  layer  facilitates  through-sub¬ 
strate  (^xical  transmission  without  vias.  However,  cascading 
is  not  possible  in  the  former  [9]  since  the  (JaAs  HPT  is 
transparent  to  the  InGaAs  VCSEL  emission,  and  although 
latching  has  been  observed,  the  mechanism  is  not  understood. 
The  latter  [10]  attempts  to  circumvent  this  problem  by  em¬ 
bedding  a  pn-pn  structure  within  the  VCSEL  cavity,  lining 
the  same  InGaAs  quantum-well  layers  for  bodi  light  emission 
and  absorption.  Here,  latching  citation  is  likely  to  be  a 
result  of  positive  electrical  feedback.  But  since  the  same 
InGaAs  quantum  wells  serve  as  the  active  layer  of  the  laser 
as  well  as  the  absorber  of  the  HPT,  the  detector  responsivity 
is  reduced,  while  poor  spectral  overlap  between  die  source 
and  detector  on  different  devices  makes  precise  wavelength 
control  imperative  for  cascaded  operation. 

In  this  letter  we  demonstrate  a  new  monolithic  switch 
design  that  circumvents  many  of  these  problems  by  integrat¬ 
ing  a  GaAs  VCSEL  with  a  self-contained  GaAs  photothyris¬ 
tor.  Here,  a  stand-alone  pn-pn  structure  (a  VST^)  provides 
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its  own  positive  feedback  and  latching  characteristics,  while 
the  VCSEL  serves  as  an  active  load.  This  eliminates  the 
reliance  on  the  VCSEL  for  positive  optical  feedback,  which 
is  impractical  since  optical  logic  functions  often  require 
multiple  inputs  that  are  spatially  separated,  while  there  is 
only  a  single  VCSEL  ouqMit.  It  also  permits  the  independent 
optimization  of  the  photothyristor  and  VCSEL  parameters 
without  compromising  them  for  compatibility.  Cascadability 
is  also  preserved  by  the  use  of  a  GaAs  active  layer.  We 
describe  below  the  design,  fabrication,  and  operating  charac¬ 
teristics  of  the  first  monolithic,  cascadable,  latchable,  VC- 
SEL-based  optical  switch,  with  very  high  optical  gain  (30000) 
and  contrast  (30  dB),  and  low  switching  power  (1 1  nW). 

The  operating  principles  of  a  latching  pn-pn/VCSEL  opti¬ 
cal  switch  can  be  understood  from  the  electrical  characteris¬ 
tics  of  a  two-terminal  photothyristor  in  series  with  a  VCSEL. 
The  principles  of  a  pn-pn  thyristor  are  explained  by  the 
convention^  two-transistor  model  with  positive  electrical 
feedback  [11].  In  the  case  of  a  photothyristor,  which  is 
comprised  of  a  photosensitive  npn-HPT  and  a  single-hetero¬ 
structure  LED,  radiative  recombination  in  the  tatter  can  also 
provide  positive  optical  feedback.  The  combination  of  optical 
and  elec^cal  feedback  produces  the  familiar  bistable  electri¬ 
cal  characteristic,  with  a  negative  differential  resistance  re¬ 
gion  separating  the  conductive  (on)  and  resistive  (off)  states. 
While  their  relative  contributions  have  not  been  determined, 
experimental  evidence  has  shown  that  switching  did  not  occur 
in  the  absence  of  efficient  electroluminescence  from  the  LEO. 
Optical  switching  is  implemented  by  noting  that  the  voluge 
at  which  switching  occurs  from  the  oFF-state  to  the 
ON-state,  is  reduced  by  the  input  optical  power,  i.e.,  by  the 
optically  injected  virtual  base  current,  which  plays  the  role  of 
tte  gate  current  in  a  silicon-controlled  rectifier  (SCR).  By 
biasing  the  pn-pn  structure  at  a  voltage  below  in  the  dark, 
thus  keeping  it  in  the  oFF-state,  and  a{^lying  an  optical  pulse 
to  reduce  below  the  bias  voltage,  switching  to  the  ON-state 
can  be  optically  effected.  In  principle,  the  optical  switching 
energy  is  somewhat  arbitrary  since  it  depends  on  the  desired 
reduction  of  K^.  In  practice,  this  must  be  tempered  by 
considerations  of  the  desired  input  optical  signal  dynamic 
range.  The  switched  photothyristor  current  in  the  conducting 
state  powers  the  VCSEL  above  threshold.  The  latter  stays  on 
(withwt  (^cal  bias)  as  long  the  bias  voltage  exceeds  that 
required  to  bias  the  VCSEL  above  lasing  threshold. 

The  device  structure  (Fig.  1),  which  consists  of  a  (^o- 
tothyristor  vertically  integrated  with  a  VCSEL,  is  grown  by 
low-pressure  metalorganic  vapor  phase  epitaxy  (LP- 
MOCVD).  The  VCSEL  active  layer  contains  four  8  nm  thick 
GaAs  quantum  wells  separated  by  2  nm  thick  AIq  „Gao.ssAs 
sp^rs  layers,  embedded  between  two  multilayer  distributed 
Bragg  reflector  (DBR)  stacks  containing  43.S  and  24  pairs  of 
quarterwave  AlAs  and  AloijGao^As  layers,  respectively. 
The  heterointerfaces  in  the  DBR  mirrors  are  continuously 
graded  to  improve  the  electrical  characteristics  of  the  VCSEL 
[8].  The  (ffiotothyristor  structure  is  epitaxially  regrown  on  the 
VCSEL  by  KKXVD,  although  the  entire  structure  can  be 
grown  in  a  single  step.  The  pn-pn  epilayers  contain  a  100  nm 
undoped  AlAs  stop-etch  layer,  a  l.S  nm  undoped  GaAs 


isolation  layer,  a  1  |tm  n'*'-GaAs  contact  layer  (S  x  10"/cm’ 
Te),  a  2S  nm  Al^,  x  Ga,.,As  layer  (graded  ftom  x  =  0  to 
X  -  0.3),  a  300  nm  n-Alg  ]Gao7As  emitter  layer  (S  x 
lO'Vcm’  Te),  a  25  nm  A),Ga,_j,As  layer  (graded  fiom 
X  s  0.3  to  X  =  0),  a  1(X)  nm  p'*'-GaAs  base  layer.  (5  x 
10'*/cm’ Q,  a  3(X)  nm  n-GaAs  coUectM  layer  (1  x  10'’/cm* 
Te),  a  600  nm  n'*'-GaAs  subcollector  layer  (1  x  10'* /cm’ 
Te),  a  500  nm  Alo3Gao7As  cladding  layer  (5  x  10'*/cm’ 
C),  and  a  100  nm  p'^’-GaAs  contact  layer  (I  x  10'’/cm’  C). 
The  reverse-biased  n‘'’-i-p''’  junction  formed  by  the  thick 
i-GaAs  isolation  layer  between  the  pn-pn  and  VCSEL  struc¬ 
tures  isolates  the  two  devices  electrically. 

The  pn-pn  and  VCSEL  device  structures  are  horizontally 
integral  with  a  metaUic  interconnection  between  the  n- 
contact  of  the  photothyristor  and  the  p-contact  of  the  VCSEL. 
The  device  fabrication  starts  with  two  chemical  mesa-etches 
(1  NH4OH  :  1  H2O2 :  40  H2O)  that  define  the  photothyristor 
(ISO  X  100  /tm)  Bixl  n-contact  areas,  respectively.  An  18 
^m  diameter  active  area  is  next  photolithographically  defined 
and  is  isolated  by  proton-implantation  [8].  The  p-contact 
(Ti/Pt/Au)  and  n-contacts  (Au-Ge/Ni/Au)  are  patterned 
photolithograf^cally.  Finally,  the  devices  are  isolated  witii  a 
mesa  etch  that  cuts  through  the  active  layer  of  the  VCSEL. 

Fig.  2(a)  shows  the  room-temperature,  CW,  current- 
voltage-Iight  characteristics  of  the  integrated  switch  and  the 
light-current  characteristic  of  the  VCSEL.  The  qitical  input 
from  a  830  nm  laser  source  is  coupled  to  the  pnpn  device  via 
a  multimode  optical  fiber.  The  I-V  data  show  the  desired 
negative  differential  resistance  characteristic,  with  bistable 
branches  above  2.6  V.  The  lasing  threshold  is  2.8  mA  and 
the  output  power  (0.35  mW)  is  limited  by  self-heating  due  to 
a  high-series  resistance  resulting  from  processing  pr^lems. 
The  magnified  low-cunent  bistable  region  is  slwwn  in  Fig. 
2(b),  which  illustrates  the  reduction  of  V,  by  input  light.  The 
voltage  barrier  between  the  on  and  off  states  can  be  elimi¬ 
nated  by  an  input  power  of  less  than  30  nW. 

Fig.  3(a)  shows  the  scanned  dc  optical  transfer  characteris¬ 
tic  of  the  device  under  a  4.2  V  bias,  which  shows  the  abrupt 
onset  of  switching  at  an  input  power  level  of  IS  nW,  and  a 
switched  VCSEL  ouq>ut  power  of  0.35  mW,  which  repre¬ 
sents  an  optical  gain  of  23  (XX).  The  switched  output  achieves 
a  peak  power  level  of  1 .3  mW,  which  is  reduced  to  0.35  mW 
by  excessive  self-heating  as  the  input  power  continues  its 
upward  scan.  The  power  remains  latch^  at  the  0.35  mW 
level  when  the  input  power  is  scaiuied  downward  past  the 
switching  threshold  towards  zero,  provided  that  the  device  is 
biased  above  the  threshold  voltage  for  lasing.  The  optical 
contrast,  defined  as  the  ratio  of  the  switched  output  power 
level  to  the  spontaneous  emission  level  below  threshold,  is 
about  30  dB.  Fig.  3(b)  shows  the  time-domain  response  of 
the  switch  to  a  transient  dc  optical  signal,  which  again 
illustrates  latching  of  the  switched  optical  ouqwt  without  any 
input  optical  bias.  The  inset  shows  its  time  response  to  a 
single  15  fis  t^cal  pulse,  which  shows  that  the  switched 
VCSEL  output  remains  turned  on  until  the  electrical  bias  is 
removed.  Tlie  switching  speed  (about  5  ^)  is  currently 
limited  by  the  large  area  of  the  photothyristor.  These  switches 
are  cascadable  since  the  emission  of  the  GaAs  VCSEL  (847 
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tun)  U  readily  absorbed  by  the  GaAs  collector-base  layen  of 
the  HPT.  We  have  coofinned  this  by  achieving  latchable 
switching  using  a  GaAs  VCSEL  source  over  a  wide  range  of 
iiqNit  optical  power  up  to  a  milliwatt. 

The  switching  energy  is  a  function  of  the  desired  level  of 
reduction  in  which  therefore  decreases  with  increasing 
This  is  shown  in  Fig.  4,  which  plots  the  switching  power 
and  ouQMit  power  as  a  function  of  bias  voltage.  A  threshold 
can  be  seen  at  3.7  V,  which  is  the  bias  voltage  at  which  the 
switched  [riiotothyristor  current  becomes  sufficient  to  drive 
the  VCSEL  well  above  threshold.  Above  3.7  V,  the  output 
laser  power  increases  with  bias  voltage  (current)  while  the 
switching  power  is  reduced  since  less  optical  power  is  needed 
to  effect  a  smaller  reduction  in  K,.  Thus,  a  switching  thresh¬ 
old  as  low  as  11  nW,  corresponding  to  an  optical  gain  of 
30000,  has  been  achieved. 

In  summary,  we  have  demonstrated  the  operation  of  a 
monolithic  latching  optical  switch  based  on  the  integration  of 
a  photothyristor  with  a  VCSEL.  Latching  optical  switching 
characteristics  have  been  demonstrated,  along  with  high  opti¬ 
cal  gain  (300(X))  and  high  optical  contrast  (30  dB).  The 
integrated  pn-pn/VCSEL  switch  represents  not  only  a  volatile 
optical  memory,  but  can  also  be  used  to  implement  a  new 
class  of  optical  logic  gates  with  latching  logical  outputs. 
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ABSTRACT 

Cascadable  optical  logic  (AND,  OR  and  XOR)  based  on  heterojunction  phototransistors  and 
vertical-cavity  surface-emitting  lasers  is  demonstrated.  We  also  discuss  a  scheme  for  implementing 
binary  arithmetic  using  optical  symbolic  substitution  and  these  logic  elements. 
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Julian  Cheng 

University  of  New  Mexico^^ ,  Center  for  High  Technology  Materials,  Albuquerque,  NM  87131 
Summary 

We  describe  cascadable  optical  logic  gates  (AND,  OR  and  XOR)  based  on  heterojunction 
phototransistors  (HPT)  and  vertical-cavity  surface-emitting  laser  (VCTSEL)  structures.^  Here,  a  single 
device  provides  electronic  amplification,  optical  gain  and  switching,  and  we  eliminate  the  need  for  an 
additional  e.xternal  optical  source  or  an  optical  bias  beam.  We  describe  optical  logic  functions  such  as 
inversion,  AND,  NAND,  OR,  NOR,  and  exclusive  OR  (XOR),  etc.,  using  simple  combinations  of 
phototransistors  and  lascts,  and  provide  a  specific  example  of  binary  arithmetic  based  on  optical 
symbolic  substitution.  In  Fig.  1  we  show  the  optical  circuit  configuration  for  AND-,  OR-,  and  XOR- 
gate  operation.  The  phototransistors  are  optically  switched  from  a  high-bias  voltage,  low  collector 
current  OFF-state  to  a  low-bias  voltage,  high  conductance  ON-state  which  then  drives  the  VCSEL 
above  threshold.  If  multiple  optical  inputs  (each  of  sufficient  intensity  to  switch  on  the  VCSEL),  are 
incident  on  the  HPf,  then  an  optical  OR  gate  is  obtained  (see  Fig.  2a).  To  operate  as  an  AND-gate, 
the  intensity  of  each  optical  input  to  the  HPT  must  be  such  that  they  can  collectively,  but  not 
individually,  produce  enough  current  gain  to  switch  on  the  VCSEL  (see  Fig.  2b).  By  configuring  two 
HPTs  and  two  VCSELs  as  shown  in  Fig.  lb,  we  have  demonstrated  XOR  (see  Fig.  2c).  For  the  case 
of  XOR  operation,  when  light  is  present  at  both  or  neither  HPTs,  the  potential  between  them  is  at 
ground  and  no  current  flows  through  the  VCSELs  and  the  output  is  the  0-state.  However,  if  only  one 
HPT  is  illuminated,  then  current  flows  through  a  VCSEL  and  the  output  is  the  1 -state 

Boolean  logic  recognizes  a  combination  of  input  bits  and  outputs  one  bit.  Symbolic  substitution,* 
recognizes  not  only  a  combination  of  bits  but  abo  their  relative  spatial  configuration.  We  illustrate  this 
with  the  example  of  a  two-dimensional  binary  half-adder,  using  a  two-dimensional  array  of 
phototransbtor/VCSEL  surface-normal  logic  gates.  Binary  addition  involves  the  SUM  and  CARRY 
operations,  which  can  be  simulated  using  the  AND-  and  XOR-gates,  respectively.  The  states  0  and  1 
arc  symbolically  represented  by  a  VCSEL  in  the  ON-state  or  OFF-state.  For  binary  addition,  inputs 
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consist  of  two  H-bit  words  (two  linear  arrays)  arranged  as  parallel  rows  of  optical  bits.  The  addition 
algorithm  requires  both  pattern  shifts  and  transformations  that  simulate  the  SUM  (XOR)  and  CARRY 
(AND)  operations.  Each  bit  in  the  sum  of  A  +  B  is  replaced  by  the  corresponding  left  and  right- 
shifted  CARRY  and  SUM  bits  (VCSEL  outputs),  thus  replacing  the  original  rows  of  A  and  B  with 
new,  spatially-shifted  symbols  representing  rows  of  CARRY  and  SUM  bits.  These  are  fed  into  the 
next  logic  array  to  undergo  N-successive  symbolic  substitution  cycles  until  there  are  no  1-bits 
remaining.  The  complete  arithmetic  operation  can  also  be  done  more  simply  cycling  the  output 
through  the  logic  array  N  times,  using  the  optical  scheme  shown  in  Fig.  3.  This  requires  that  the  logic 
array  be  reset  after  each  of  N  passes  through  the  half-adder,  while  preserving  the  previously 
generated  optical  outputs  as  the  inputs  for  the  next  pass. 

^  SNL  research  is  supported  by  DOE  contract  No.  DE-ACO4-76DP00789. 

UNM  research  is  supported  in  part  by  AFOSR  and  DARPA. 

1.  Sandia  Patent  no.  SD-4896,  S-71,  738  pending,  January  (1990). 

2.  A.  Huang,  in  Tech.  Digest,  IEEE  Tenth  Int'l.  Optical  Computing  Conf.,  (1983),  pp.I3-17. 
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Figure  Captions 

Figure  1.  Digital  optical  circuit  configurations  for  a)  AND  and  OR,  and  b)  XOR. 

Figure  2.  Digital  optical  logic  operations  a)  OR,  b)  AND,  and  c)  XOR. 

Figure  3.  Optical  circuit  for  a  multi-pass  binary  half-adder,  which  includes  a  logic  array  (SI)  and  a 
memory  array  (S2).  Also  shown  are  the  rules  for  addition  using  symbolic  substitution  and  a  4-bit 
binary  addition. 
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SENSITIVE  DOPPLER  VELOCIMETRY  AND  ANEMOMETRY  USING  SEMICONDUCTOR  LASERS 


Elizabeth  A.  Callan  and  John  G.  Mclneraey* 

Optoelectronic  Device  Physics  Croup 
Center  for  High  Tedinology  Materials 
University  of  Sew  Mexico 
Albuquerque,  NM  87131-6081 

ABSTRACT 

Velocities  of  diffusely  reflecting  objects  have  been  measured  in  the  nmge  O.S-20  m  s'*  using  compact,  self- 
referencing  and  sensitive  (-60  dB)  systems  based  on  laser  diodes.  Airflow  velocities  have  also  been  determined. 


*  Conesponding  Author.  Professor  John  G.  Mclnenoey.  Tel.  (505)  277-0768,  Fax  (505)  277-6433. 


SENSITIVE  DOPPLER  VELOCIMETRY  AND  ANEMOMETRY  USING  SEMICONDUCTOR  LASERS 


Elizabeth  A.  Callan  and  John  G.  Mclnemey 

Optoelectronic  Device  Physics  Group 
Center  for  High  Tedinology  Materials 
University  of  New  Mexico 
Albuquerque,  NM  67131-6081 

SUMMARY 

The  extreme  sensitivity  of  laser  diodes  to  minute  amounts  of  (^tical  feedback  has  long  been  considered  a  nuisance, 
but  this  same  attribute,  if  properly  controlled,  makes  laser  diodes  ideal  for  remote  sensing.  Here  we  describe  the 
ctMistruction  and  evaluation  of  conduct  and  sensitive  diode-laser>based  velocimeter/anemometer  systems  which  are 
self-referencing  {i.e.  need  no  phase  or  frequency  adjustment)  and  which  require  only  simple  t^cal  alignment,  in 
contrast  to  the  more  usual  interferometric  User  sensors.  In  each  case,  a  low-power  (~1  mW)  las»  beam  was 
collimated  and  directed  emto  a  moving  and  diffusely  reflecting  target  (while  bond  paper),  from  wfaidi  the  Doppler- 
shiffed  optical  backscatter  was  coupled  back  into  the  lasing  mode,  causing  an  easily  detected  intensity  modulation  at 
the  Doppler  fiequency  shift. 

Two  data  extraction  schemes  have  been  examined.  In  the  first,  a  beam-^Iitter  was  placed  in  the  collimated  beam  to 
direct  a  portion  of  the  returning  backscatter  into  a  {^lotodiode,  and  the  Doppler  backscatter  modulation  qipeared  on 
the  intensity  noise  qjectnun;  this  signal  was  amplified  and  detected  using  a  mictovreve  q>ectrum  analyzer.  In  a 
second  experiment,  the  junction  volUge  was  amplified  and  input  to  the  microwave  qsectrum  analyzer.  In  each  case, 
conqMct  frequency  mixer/counter  electronics  could  replace  the  q>cctrum  analyzer  in  practical  applications. 

Having  determined  the  laser-lens  coupling  Uctor  by  measuring  the  threshold  reduction  in  a  sq;>arate  strongly  coupled 
external  cavity,  we  measured  the  total  coupled  backscatter  into  the  lasing  mode  to  be  approximately  -60  dB  for  a 
signal-to-noise  ratio  of  10  dB  or  better.  The  SNR  varied  considerably  with  measured  velocity  (i.e.  with  Doppler 
frequency)  due  to  the  anq>lifier  req>oose  and  modulation  response  of  the  laser  diode.  The  velocimeter  was  linear  to 
within  2%  in  the  range  ffom  O.S  to  20  m  r* ,  the  lower  limit  being  due  to  die  amplifier  low-frequeacy  roll-off  and  die 
uppm'  limit  was  restricted  by  packaging  limitations  on  the  laser  diodes. 


AppUcations  of  the  semkooductor  User  Doppler  velocimeter  include  and-coUisioo  sensing.  Miemometoy,  wind  sbetf 
detection,  guiding  robots  or  docking  vdiicles.  To  evsluate  the  system  as  a  simple  anemometer,  we  replaced  die 
moving  paper  target  with  a  tube  attached  to  a  vacuum  hose,  then  iUuminated  the  resulting  airflow  with  the  laser 
diode.  WhUe  clean  laboratory  air  produced  very  Uttle  backscatter  and  consequenUy  umeUable  Doppler  signals, 
addition  of  small  amounts  of  scattering  particulates  into  the  airstream  produced  excellent  results. 

In  summary,  we  have  demonstrated  compact,  self-referencing  and  sensitive  velocimeter/anemometer  using  Doppler- 
shifted  optical  backscatter  to  modulate  the  intensity  or  junction  voluge  in  a  diode  laser.  Measurements  of  velocities 
in  the  range  0.5-20  m  s  *  with  SNR  greater  than  10  dB  required  only  -60  dB  of  backscatter.  The  system  has  many 
possible  applications,  includbg  measurement  of  air  flow  velocities. 
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Reduced  absorption  in  semiconductor  quantum  wells 
through  coherently-derived  quantum  interference. 

Reduced  Absorption  Mechanisms  in  Semiconductor 
Quantum  Well.  DONG  S.  LEE.  KEVIN  J.  MALLOY,  CHTM  University  of 
New  Mexico.-  -  •  Ultra  high  refractive  indices  without  absorption'  and 
reduced  absorption^  have  been  predicted  and  observed  for  atomic 
systems.  We  apply  these  considerations  to  semiconductor  structures 
with  complicated  energy  bands  and  strong  phonon  interactions.  Bulk 
semiconductors  offer  limited  flexibility,  while  quantum  well  structures 
offer  the  ability  to  tailor  the  dielectric  response  through  control  of  the 
conduction  subband  states  and  the  separation  between  heavy  and  light 
hole  states.  To  observe  high  indices  without  absorption,  Raman  pumping 
from  the  ground  conduction  state  should  result  in  a  coherent  state  at  the 
bottom  of  heavy  hole  and  light  hole  bands.  The  high  index  then  exists 
between  the  first  excited  conduction  subband  and  the  range  of 
separation  between  the  holes.  Since  this  scheme  gives  a  large  refractive 
index  change,  we  can  observe  results  by  photo-  or  electro-reflectance. 
However,  interactions  between  subbands  and  the  strong  phonon 
scattering  may  inhibit  the  coherent  state.  To  obsenre  reduced  absorption 
without  changes  of  refractive  index,  two  conduction  subbands  should  be 
coupled  by  a  CO2  laser.  Reduced  absorption  should  be  obsenrable  from 
the  bottom  of  hole  state  to  the  range  between  the  two  dressed  states  of 
the  conduction  subbands.  This  approach  is  simpler  than  coherent 
pumping,  and  modulated  transmission  offers  the  best  chance  for 
observation. 

1.  M.  Scully,  Phy.  Rev.  Lett.  67. 1855(1991) 

2.  S.  E.  Harris  et  al.,  Phys.  Rev.  Lett.  67, 3062(1991) 
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Abstract 

We  report  investigations  of  the  onset  of  chaos  in  a  semiconductor  laser  with  weak 
external  optical  reflection,  and  in  an  AR-coated  semiconductor  laser  in  an  external 
cavity. 


CHAOS  IN  SEMICONDUCTOR  LASERS 


Hua  Li ,  Jun  Ye  and  J(^  G.  Mclneiney 
Center  for  High  Technology  Materials 
The  University  of  New  Mexico 
Albuquerque,  NM  87131,  USA 
Tel.  (505)  277-0768 

Semiconductor  lasers  arc  typical  class-B  lasers  in  which  the  decay  rates  obey  Y  «  Y  ,  where  y  • 
and  Y  arc  the  decay  rates  of  the  photons,  population  inversion  and  polarization,  respectively.  Therefore 
an  isolated  semiconductor  laser  is  well  described  by  rate  equations  with  only  two  irKlependent  variables 
(photon  number  and  carrier  population)  so  that  chaos  is  not  observed.  Here  we  sl^w  two  din'erent 
geometries  to  make  chaos  feasible  in  a  semiconductor  laser  system.  The  results  clearly  demanstxate  the 
origin  of  instability  in  the  semiconductor  laser  the  interaction  in  the  nonlinear  laser  medium  between 
undamped  relaxation  oscillation  (which  expresses  the  energy  exchange  between  carrier  population  and 
photons)  and  some  external  modulation  (which  may  include  optical  feedback). 

In  the  first  experiments  we  used  a  commercial  CSP  semiconductor  laser  (Hitachi  HLP14(X})  with  an 
external  reflector  which  [mivides  weak  optical  feedback  (<0.1%  in  power)  to  the  laser.  This  optical 
feedback  modulates  the  carrier  population  N  and  the  optical  field  (both  intensity  I  and  phase  <I>)  in  the 
laser  resonator  and  also  causes  coupling  between  them.  Using  this  geometry  a  rich  variety  of  dynamic 
behavior  has  been  observed  /1,7/,  but  the  physical  basis  for  the  instability  was  hitherto  unclear.  We  Aaw 
here  the  measured  intensity  noise  spectrum  by  changing  system  parameters,  mainly  by  changing 
feedback  levels  (Pigs.l  and  2).  For  increasing  feedback  level  the  relaxation  oscilladon  is  undamped  at 
first,  then  the  external  cavity  modes  are  excited.  Fig.  1  shows  that  chaos  can  be  reached  through  a  pure 
period-doubling  route  if  the  relaxation  oscillation  frequency  V]^  remains  an  integer  multiple  of  the 
external  cavity  mode  spacing  i.e.  V|^=nVe^t  (n:  integer).  The  fundamental  period  corresponds  to  the 
roundtrip  time  of  photons  in  the  external  cavity  Fig.2  shows  the  quasiperiodic  route  to  chaos 

observed  when  vj^^nv^i.  The  latter  situation  is  found  more  frequently  in  the  experiment  The  c^cal 
spectra  are  also  monitorrxl  during  the  measurements,  clearly  lowing  symmetry  breaking  in  the  system. 

Although  the  pure  period-doubling  route  to  chaos  happens  only  in  a  narrow  range  of  system  parameters, 
initial  period-doubling  is  found  in  quasiperiodic  behavior  (Fig.2).  indicating  that  period-doubling  is  a 
fundamental  process  in  the  system.  I^  most  system  parameters  we  see  a  mixture  of  period-doubling  and 
quasiperiodicity,  culmittating  in  chaos. 

The  above  experiment  has  been  modeled  theoretically  fij  using  a  rate  equation  approximation  including 
coupling  between  the  intensity  and  phase,  weak  feed^k  and  gain  saturation  effects.  The  rate  equations 
are  integrated  numerically  to  obuun  the  time  series  of  the  three  variables  N(t)J(t),d>(t)  which  are  further 
utilized  to  calculate  the  autocorrelation  function,  correlation  dimension  and  other  frmdamental  dynamical 
properties.  Period-doubling  and  quariperiodic  routes  to  chaos  are  obtained  in  the  theoretical  an^ris,  in 
gO(^  agreement  with  the  experimental  measurements  /4/- 

The  phenomena  described  above  are  easy  to  understand  in  the  general  context  of  nonlinear  oscillators: 
the  Interaction  of  two  (v  mere  modulations  applied  to  a  nonlinear  oscillator  can  cause  chaotic  behavior.  If 
the  two  modulaticm  frequencies  have  a  rational  ratio,  frequency  locking  may  result  artd  period-doubling 
will  occur  when  the  system  symmetry  is  brokert  Otherwise  the  two  incommensurate  modulation 
fiequetKies  will  beat  together,  and  for  iiKreasing  modulation  depth  more  new  frequencies  corresponding 
to  combinations  of  the  existing  frequencies  will  spfcn  because  of  nonlinearity  of  the  oscillator.  Both 
processes  cause  chaos  in  the  oscillator.  In  our  laser  system  only  erne  external  m^ulation  is  added  due  to 
the  external  cavity  modes,  but  the  intrinsic  relaxation  oscillations  are  also  undamped  by  the  optical 


feedback,  so  in  effect  two  oscillations  are  a{^Ued  to  the  laser  system,  and  interaction  between  than 
causes  the  chaos. 
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Fig.l  Measured  intensity  power  spectra  for  the 
laser  diode  with  an  external  reflector. 

s  9cm,  pump  current  1/I|]j  =  1.38  . 
Feedback  level  was  iiKreased  from 
AtoD. 


Fig.2  Measured  intensity  power  spectra  for  the 
laser  diode  with  an  external  reflector. 
Lgjji  =  15.5cm,  pump  cunent  I/Ijjj  s  1,59. 
Feedback  level  was  increased  frwn 
A  to  D. 


Armed  with  this  understanding,  we  set  up  another  experiment  to  investigate  the  dynamic  behavior  of  an 
anti-reflection  (AR)  coated  semiconducuw  laser  in  an  external  cavity  with  a  grating  reflector.  The 
residual  reflectivity  of  the  AR-coating  on  the  internal  facet  was  less  than  0.1%.  A  solid  etalon  with  FSR  = 
100  GHz  and  flness  =  30  was  inserted  in  the  cavity  to  create  strong  dispersirm  and  hence  kmgitudinal 
mode  selection.  The  external  cavity  mode  ^ing  was  chosen  as  =  520MHz  so  that  the  envelope  of  the 
etalon  resonance  curve  could  include  several  cavity  modes,  therefore  multi-mode  behavior  was  possiMe. 
At  first  the  cavity  detuning  was  chosen  so  that  the  cavity  resonance  was  at  the  center  of  the  etalon 
resonance  curve.  In  this  case  a  single  external  cavity  mode  was  obtained  (Fig.3A)  and  maximum  output 
power  observed.  As  the  external  cavity  was  detuned  from  the  center  of  the  etalon  resonaiKe,  a  sharp  p^ 
at  several  tens  of  MHz  appeared  (marked  in  Fig.3  as  vj^)  which  was  accompanied  by  a  low  frequency 
component  (marked  as  V]  in  ng.3)  and  its  harmonics.  With  different  cavity  detuning  the  value  of  vr  was 
almost  constant  but  Vj  changed,  so  that  different  ratios  of  vr  to  Vj  were  obtained.  The  corresponding 
intensity  spectra  showed  quasiperiodicity  (Fig.3D)  or  period-doubling  (Fig.3Q.  The  corresptHKUng 
c^cal  spectra  showed  multi-mode  behavior  and  different  ansymmetries.  Chaotic  behavior  appeared 
upon  further  cavity  dctuning(Fig.3E). 
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Fig.3  Measured  intensity  power  spectra  (I)  and 
optical  spectra  (10  for  an  AR -coaled 
laser  diode  in  an  external  cavity. 

26cm.  pump  current  1/I(jj=  1.07. 
External  cavity  length  is  detun^  from  A 
to  D  by  an  amount  <  Xfl. 

Optical  spectra  were  measured  by  using 
a  planC'plane  scanning  F-P  interferometer 
with  FSR=1  IGHz  and  EnessolOO. 


In  the  experiments  vjj  could  be  changed  most  effectively  by  adjusting  the  pump  ewrent.  while  V|  could 
be  varied  mainly  by  setting  the  cavity  detuning.  This  suggests  that  was  the  relaxation  oscillatioa 
frequency  of  the  external  cavity  laser,  and  V|  was  the  beat  frequency  between  different  cavity  modes; 
these  modes  had  unequal  mode  spacings  because  they  were  located  at  different  parts  on  the  etalon 
dispersion  curve.  Further  experimental  measurements  are  continuing. 

Both  experiments  agree  in  associated  indicating  strongly  that  the  origin  of  instabilities  m  a  semiconductor 
laser  system  is  the  interaction  between  undamped  intrinsic  relaxation  oscillation  and  same  external 
modulation. 
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THEORETICAL  STUDY 


dX(t) 

dt 


f(X(t))  +  k.g(X(t).X(t-  T)) 
®  0 


0  isolated  lasing  process 
0  delayed  nonlinear  feedback 
t:  delay  time; 
k:  feedback  strength 
oC  (text)  1/2 

(D  Langevin  force,  noise  driving 


F(t) 

0 

71,2/ 
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CONCLUSION 


1.  a  semiconductor  laser  with  weak  optical  feedback 
for  increasing  feedback  level  undergoes: 


2.  White  noise  with  a  realistic  level  does  not  have 
strong  influence  to  the  dynamics  but  obscure  the 
details  and  make  the  correlation  dimension  more 
difficult  to  determine. 
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qut-ncy  modulation  (FM)  arv  «>S!«nlial  in 
semiconductor  laser  based  anKular  modu¬ 
lated  coherent  optical  fiber  communication 
systems.  Two-elecirode  Dl-B  lasers  (2E- 
DFB)  show  great  potentials  for  all  the  re¬ 
quirements  mentioned  above.  We  report 
in  this  paper  a  study  of  the  FM  responses  of 
two-eiecirode  DFB  Users  vs  the  condition 
lhal  one  section  (front)  is  biased  to  obtain 
lasing  action  whereas  the  other  (back)  sec¬ 
tion  is  moderately  biased  and  modulated.* 
The  2E'DFB  la^r  is  based  on  an  etched 
mesa  buried  helerostructure  (EMBH)  laser 
with  current  blocking  regions  of  semi-insu- 
Uting  InP  material  grown  by  hydride  vapor 
phaseepitaxy.*  These  lasers  have  both  fac¬ 
ets  cletwed  and  have  about  equal  length  in 
cach.i^on  («254  itm). 

We  have  studied  the  FM  responses  at  sev¬ 
eral  /#  such  that  Is  S  luk  and  f/  ■  100  mA. 
Two  main  features  are  noteworthy.  First 
the  FM  sensitivities  from  300  fcHa  up  to  a 
few  hundred  megaherts  ate  uniform.  Sec¬ 
ond,  the  bandlimited  FM  sensitivities  re- 
'semble  the  responses  of  an  electrical  low 
pass  niter.  The  3-dB  FM  bandwidth 
evolves  from  360  MHc  at  Is  *  10  mA  to  900 
MHz  at  Is  -  30  mA,  right  below  fstk-  Also 
the  sensitivity  reduces  from  2  GHz/mA  at  Is 
■  10  mA  to  440  MHz/mA  at  Is  ■  30  mA. 
Thus,  both  the  FM  seruiti  Wty  and  the  band¬ 
width  can  be  altered  by  vat^ng  Is  to  satisfy 
system  needs.  The  general  FM  response 
shows  drastically  different  behavior  when 
Is  exceeds  Is.*.  At  h  •  35  «nA,  when  the 
back  section  is  barely  lasing,  the  FM  sensi¬ 
tivity  shows  a  pronounced  resonance  peak 
at  *>500  MHz.  As  Is  is  increased  further, 
the  relaxation  oscillation  frequency  in¬ 
creases  beyond  our  measurement  limit  of  3 
GHz.  Finally,  at  Is  •  80  mA  the  FM  re¬ 
sponse  resembles  that  of  a  regular  DFB  laser 
and  exhibits  the  typical  sensitivity  dip  and 
a  phase  reversal  around  1  MHz. 

1.  C.  Y.  Kuo  and  N.  K,  Dutta,  "Characteris¬ 
tics  of  Two-Electrode  DFB  Lasers,"  Elec¬ 
tron.  Utt.  24, 947  (1988). 

2.  Y.  Twu,  C.  Y.  Kuo,  J.  D.  Wynn,  R.  F. 
Karlicek,  Jr.,  W.  V.  Werner,  R.  L.  Brown, 
and  N.  K.  Dutta.  "Two-Electrode  DFB  La¬ 
sers  for  Optical  F5K  Heterodyne  Sys¬ 
tems,"  unpublished. 
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TUP3  Multigigahertz  bandwidth  FM  re¬ 
sponse  of  two-electrode  DFB  lasers 

A.  E.  WILLNER,  M.  KUZNETSOV,  1.  P.  KA- 
MINOW,  U.  KOREN,  T  L.  KOCH,  C.  A 
BURRUS,  C.  RAYBON,  AT&T  Bell  Labora¬ 
tories,  Crawford  Hill  Laboratory,  Box  400, 
Holmdel.  N)  07733. 

We  report  the  experimental  and  theoreti¬ 
cal  characterization  of  the  FM  response  of  a 
two-section  DFB  laser  emitting  at  13  nm. 
Such  tunable  lasers  have  emerged  as  impor¬ 
tant  components  for  various  FDM  and  FSK 
optical  communication  systems.  Experi¬ 
mentally  determined  FM  n-sponses  for  sim¬ 
ilar  structures  have  been  reported  pnwious- 
Iv  onlv  lor  modulation  Irequenfu's  b«-low 


~l  GHz.  We  extend  these  measurements 
of  two-sonmn  OFR  lasers  into  the  multigi¬ 
gahertz  frequency  range.  The  FM  re¬ 
sponse  magnitude  is  large  and  flat  fur  fre¬ 
quencies  from  10  kHz  up  to  several  hun¬ 
dred  megahertz.  This  is  followed  by  a  dip 
in  the  response  at  GHz  and  a  relaxation 
resonance  peak  at  a  few  gigahertz.  How¬ 
ever,  this  dip  does  not  limit  the  speed  of  the 
device,  as  is  evident  from  the  flat  AM  re¬ 
sponse  of  this  laser  at  1  GHz.  In  proper 
bias  conditions,  an  FM  response  magnitude 
>I  GHz/mA  and  a  3-dB  FM  bandwidth  of 
'•S  GHz  is  demonstrated,  including  the 
shallow  dip  and  increased  response  of  the 
resorsance;  we  believe  this  to  the  widest 
FM  bandwidth  reported  to  date  for  such 
lasers.  As  the  bias  is  increased  in  the  mod¬ 
ulated  section,  the  resonance  peak  becomes 
damped  and  moves  out  to  higher  frequen¬ 
cies.  Both  the  characteristic  response  dip 
found  at  ~1  GHz  and  the  resonance  at  a  few 
gigahertz  depend  strongly  on  the  bias  con¬ 
ditions.  The  laser  can  be  biasM  In  a  regime 
Where  there  is  either  a  ted  or  blue  frequen¬ 
cy  shift  with  static  current  tuning.  In  com¬ 
parison  with  the  static  icd-riufted  FM  re¬ 
sponse,  the  blue-shifted  response  has  a 
mote  severe  dip  at  ~1  GHz  and  a  strongly 
damped  resonance.  CMtsequently,  a  blue- 
shift-bias  produces  a  much  lower  3-dB 
bandwidth  than  a  red-shift  bias.  The  ob¬ 
served  behavior  is  well  represented  by  the¬ 
oretical  curves  derived  from  a  small-signal 
analysis  of  the  coupled  rate  equations. 
This  model  characterizes  the  laser  ^havior 
by  only  a  few  parameters;  namely,  the  re¬ 
lation  frequency,  the  photon  and  carrier 
lifetimes,  a  damping  (actor,  and  the  asym¬ 
metry  between  the  two  sections. 

We  thus  successfully  demonstrate  and 
characterize  the  multigigahertz  FM  re¬ 
sponse  for  two-electrode  DFB  lasers. 

11:30  AM 

TUP4  Single-mode  semiconductor  lasers 
with  optical  feedback:  a  theoretical  ap¬ 
proach 

M.  MILAN],  U.  Milan,  Physics  Dept..  Milan 
20133,  Italy;  F.  BRIVIO,  G.  CHIARETTI, 
ITALTEL  SIT,  20019  Caslelletto  di  Settimo 
Milanese,  Italy. 

Different  classes  of  behavior  appear  in 
semiconductor  laser  dynamics  depending 
on  the  feedback  ratio  for  fixed  geometry'  of 
the  feedback  generating  system.  Feedback 
is  usually  reported  to  give  rise  to  a  decrease 
of  the  threshold  current  In,  and  an  increase 
of  the  differential  quantum  efficiency  n-.; 
sometimes  it  is  reported  lhal  np  remains 
constant.  In  some  experiments  it  is  possi¬ 
ble  to  see  that  np  decreases.  The  response 
of  the  system  to  optical  feedback  is  investi¬ 
gated  by  means  of  a  microscopic  model  in¬ 
troduced  to  describe  laser  diode  dynamics, 
and  their  changes,  for  example,  in  the  pres¬ 
ence  of  a  small  current  modulating  signal 
As  a  first  approximation  the  rote  of  the 
phase  of  the  l■lerlromagnellr  fwld  is  ne¬ 
glected  A  unifying  way  to  describe  the 
three  different  Iwhavion.  can  be  obtaired 


by  taking  into  account  the  dependence  of 
inierband  carrier  lifetime  tson  optical  feed¬ 
back  (i.e.,  the  changes  in  the  photon  num¬ 
ber  inside  (he  optical  cavity  driven  by  opti¬ 
cal  feedback): 

fj-Iy-d+An^))-'; 
y-'  ■  Mi  -  io)- 

A  steady  state  aiulysis  gives  information  on 
i*,  "o.  ziid  the  characteristic  curve:  the 
three  classes  ot  behavior  are  ruled  by  the 
sign  of  a  function  F  linking  cavity  losses  K, 
feedback  ratio  /,  and  coupling  B  between 
the  actual  electromagnetic  field  and  the  ac¬ 
tive  cavity: 

F-  HB(i -/)  -(!. 

*  es 

1L-4SAM 

TUPS  Mnlliawdc  stability  analysis  of 
tide-mode  injcction-locked  scmlcondtM- 
lorlaten 

JHY-MINC  LUO,  U.  New  Mexico,  Center 
for  High  Technology  Materials,  Albuquer¬ 
que,  NM  87131:  MAREK  OSINSKl,  U.  To¬ 
kyo,  Research  Center  for  Advanced  Science 
&  Technology,  4-6-1  Komaoa.  Meguro-ku, 
Tokyo  153,  Japan. 

Semiconductor  lasers  with  their  rebtlve- 
ly  low.<2  Fabry-Perot  cavities  typically  have 
multimode  spectra  and  poor  frequency  sta¬ 
bility.  Injection  locking  has  proved  useful 
in  a^evtog  single-mode  operation  under 
high-speed  modulation  and  eiubling  pure 
amplitude  or  phase  modulation.  Com- 
parisl  with  a  conventional  setup,  where 
light  is  injected  into  the  free-running  domi¬ 
nant  mode,  side-mode  injection  locking 
permits  us  to  extend  the  available  range  of 
device  parameters  such  as  lasing  frequency, 
linewidth,  or  modulation  bandwith.  Also, 
spectral  variation  of  laser  characteristics, 
e  g.,  gain  or  linewidth  enhancement  factor, 
can  be  determined  by  scanning  the  injected 
longitudinal  modes  of  the  slave.  In  our 
analysis,  we  use  multimode  rate  equations 
including  a  phase  equation  for  the  injected 
mode.  The  dynamic  stability  is  investigat¬ 
ed  by  considering  small  fluctuations 
around  the  stationary  solutions.  The  re¬ 
sults  are  then  compared  with  a  simple  sin¬ 
gle-mode  approximation.  Asan  example.a 
typical  index  guided  I  .S4-fim  InGaAsP  laser 
is  considered.  A  full  multimode  stability 
test  confirms  the  single-mode  result  that 
detuning  the  lasing  mode  toward  the  short- 
wavelength  side  of  the  gain  peak  increases 
the  resonance  frequency  a,.  At  a  pumping 
level  20%  above  the  free-running  thresh¬ 
old,  the  maximum  enhancement  of  v,  oc¬ 
curs  three  mode  spacing!  away  from  the 
central  mode.  An  additional  benefit  is  that 
optical  injection  enhances  the  field  damp¬ 
ing,  thereby  narrowing  the  spectral 
linewidth,  increasing  modal  stability,  and 
reducing  the  dynamic  frequency  chirp. 
We  conclude  that  the  tide-mode  injection 
locking  may  be  useful  lor  such  uses  as  opti¬ 
cal  communication,  fast  switching,  and  ul- 
irashort  pulse  generation. 


\ 


TUESDAY  17th 


1969 


ANNUAL  MEETING 
OPTICAL  SOCIETY  OF  AMERICA 

TECHNICAL  DIGEST 


Summories  of  papers 

presented  at  the  Annual  Meeting  of  rtre  Optical  Society  of  Americo 

15-20  October  1969 
Orlando,  Florido 


Conference  Edition 


Optkol  Society  of  Americo 
1816  Jefferson  Ploce,  NV 
Washington,  DC  20036 
(202)  22CL8100 


150 


DELS  '91/WEONESOAV  POSTER 


invvrsianifst  ampiihcjtion  can  occur  with  any 
nonvaniihing  number  of  aloms  in  the  upper 
level.  This  laltei  configuration  is,  therefore,  more 
interesting  for  inversionless  amplification. 

I.  O  Kocharovslaya  and  P  Mandel,  Phys.  Rev.  A 
4i  523(J990y 


QVVD2S  Phase-driven  dynamics  of  a 

multimode  semiconductor  laser 

C.  Etrich,  ftul  Mandel,  N.  B.  Abraham,* 
and  H.  zieghlache* 

Opli^ue  NorJinAiirt  Thforu]ue,  Univenilt  Libre 
de  Bruxelles,  Campus  Plaine  C.P.  231,  B-I050 
Bruxelles.  Belgium 

We  derive  the  following  set  of  equations  to 
descnbe  a  two-mode  semiconductor  laser 

3^1  “  -El  -t  (1  -  ia)A(EiE  +  £jG*X 
3^2  «  -(X  -  i6)Ej  +  (1  -  ia)A(EjF  +  EjGl 
a/  -  7  -  7(5  +  |EtP  +  lEihF  -  7(£iE*2G 
+  E^E3C*X 

a,c  -  -7(1  +  lEiP  -t-  |E,|’)G  -  7E;EjE(1) 

where  x  =  Xi^  *s  ll*  f®*'®  •1'®  decay  rates  of 

tlw  electric  fields  E|  and  E2;  it  is  fixed  to  be 
larger  than  uruty.  7  is  proportional  to  the  decay 
rate  of  the  population  inversion.,  A  is  the  pump, 
o  is  the  linevi^th  enhancement  factor,  arid  t  = 
X)l  is  the  scaled  time.  Ei  and  E]  are  complex,  so 
the  phase  d^mamics  are  fully  included  in  Eqs. 
(ly  The  variables  f  and  C  are  related  to  the  pop¬ 
ulation  inversion.  The  steady-state  solutions  of 
Eqs.  (1)  are  the  trivial  solution 

E,  -  Ej  =  0,  G  »  0,  F  »  1  (2) 

and  the  two  single-mode  solutions 

E|  <*  VA  -  lexp(  -  in|TX  E}  «  0,  C  =  0, 

F  -  UA,  n,  «  a.  (3) 

El  •  VA/x  -  i«xp(  -  ifliTi  El  -  0, 

G  -  0,  f  =  xiA.  ni  -  ax  -  8,  (4) 

which  east  far  A  >  1  and  A  >  X/  respectively. 
There  arc  also  two-mode  solutions  with  bo^ 
electric  fields  different  from  zero  and  oscillating 
with  different  frequencies.  The  steady-state  solu- 
tians  are  steady  in  the  sense  that  the  corre¬ 
sponding  intensities  ate  constant.  If  we  neglect 
t^  phase  interaction  in  Eqs.  (IV  i  e.,  cancel  G, 
Eqs.  p)  and  (4)  remain  solutions  and  no  two- 
mtxle  sdutions  can  be  found.  In  this  case  a  Un¬ 
ear  stability  analysis  around  the  single-mode 
solutions  shows  that  Eqs.  (3)  are  always  stable 
and  Eqs.  (4)  are  always  unstable.  No  instabilities 
occur  on  either  brarKh.  On  the  contrary,  when 
we  deal  with  the  full  Eqs.  (IV  the  generic  situa¬ 
tion  is  that  Eqs.  (3)  become  unsta^  by  a  Hopf 
bifurcatiion  (A|)  and  restabilize  for  a  sufficiently 
hi^  pump  Because  this  restabilization  occurs  at 
a  relatively  high  value  of  A,  this  point  is  not  con¬ 
sidered  heie.  On  the  branch  of  solutions  of  Eqs. 
(4V  up  to  three  Hopf  bifurcation  points  (A],  Aj, 
and  A4)  may  be  found.  The  mode  of  Eqs.  (4)  can 
be  stable  between  A]  and  A)  and  eventually  sta¬ 
bilizes  far  sufficiently  high  pump  at  A|. 

Figure  I  gives  a  typi^  example  of  the  lela- 
live  position  of  the  Ho^  bifurcation  points  A)  in 
the  parameter  plane  (x,  8V  The  boundaries 

•Department  rf  Physics.  Bryn  Mawr  College,  Bryn  Maurr, 
fVmiryfwRir  19010. 

’Laboratoire  dr  Spertrvteopie  Hertzienne,  USTL  1.  596SS 
Wriirwte  d'A<c4.  France 


where  Ai  is  equal  to  either  Ai  or  Aj  are  shown, 
as  well  as  the  lines  of  degenerai.y  where  two  of 
the  A,  on  the  branch  of  solutions  of  Eqs.  (4)  coin¬ 
cide.  The  topology  of  the  boundaries  in  this 
parameter  plane  changes  neither  with  7  nor 
with  a  where  4  s  *  s  5.  Two-mode  solutions 
emerge  from  the  Hopf  bifurcations  A,.  Figure  2 
shows  an  example  for  A|  <  Ai  with  a  stable 
branch  of  two-mode  solutions  connecting  A] 
and  A].  The  branch  of  two-mode  solutions 
emergi.ng  from  Ai  connects  to  A«,  which  is  very 
targe  in  this  case.  There  is  an  interval  of  instabil¬ 
ity  on  this  branch  that  is  marked  by  a  pair  of 
Hopf  bifurcations  (As,  At).  The  restabilization  at 
At  occurs  for  relatively  high  pump.  As  and  As 
are  connected  by  a  stable  branch  of  quasi- 
periodic  solutions  that  are  governed  by  one 
additional  frequency,  the  frequency  appearing  at 
one  of  the  Hopf  bifurcations. 


QWD29  Simulation  of  field-noise  spectra 
in  injection-locked  semiconductor 
lasers 

Jhy-Ming  Luo  and  Marek  Osinski 

Physical  Optics  Corporation,  20600  Cramercy 

Place,  Torrance,  Califomia  90501 

There  has  been  growing  interest  recently  in 
application  of  injection-locking  techniques  to 
semiconductor  lasers.  A  primary  motivation  for 
these  studies  is  the  prospect  of  applying  injec¬ 
tion-locked  lasers  to  coherent  optical  communi¬ 
cation  systems.  The  performance  of  such  sys¬ 
tems  is  greatly  influenced  by  the  noise  charac¬ 
teristics  of  the  light  source.  Recently,  we 
reported’  on  numerical  investigations  of  diode- 
Wr  frequency-noise  spectra  under  external  sig¬ 
nal  injection.  In  particulat  we  examined  sid^ 
mode  injection  locking  in  which  the  target 
mode  differs  from  the  free-running  dominant 
mode,  and  we  showed  that  it  is  possible  to 
achieve  considerable  reduction  in  frequency 
noise  in  the  low-frequetKy  regime.  Here  we 
describe  the  first  multimode  numerical  studies 
of  field-noise  spectra  in  injection-locked  semi¬ 
conductor  lasers.  Field-noise  spectra  are  impor¬ 
tant  because  they  carry  direct  information  about 
linewidth  and  line  shape. 

In  the  simulations,  we  consider  InCaAsP/lnP 
index-guided  master  and  slave  lasers  emitting  at 
-  1.54  (im,  with  the  respective  linewidth 
enhancement  factors  of  4  and  5.5.  The  master 
oscillator  wavelength  is  adjusted  to  match  vari¬ 
ous  modes  of  the  slave  Uset  Fust,  stationary 
solutions  of  the  multimode  rate  equations  with¬ 
out  any  noise  terms  are  found  for  both  the  mas¬ 
ter  and  slave  oscillators,  these  solutions  are  then 
used  as  initial  conditions  in  simulations  of  tem¬ 
poral  evolution  with  Langevin  noise  terms 
included.  The  temporal  behavior  of  the  master 
laser  is  found  first  to  provide  an  injected  signal 
with  a  noise  component.  Two  longitudinal 
modes  are  included,  with  the  side-mode  inten¬ 
sity  20  dB  lower  than  that  of  the  peak  mode. 
Hence,  in  addition  to  the  spontaneous-emission 
iKiise  and  electron-population  fluctuations,  the 
injected  signal  also  contains  panition  noise.  The 
multimode  stochastic  rate  equations  with  exter¬ 
nal  injection  terms’  are  then  solved  for  the  slave 
laset  with  11  modes  included  in  the  calcula¬ 
tions.  This  allows  us  to  investigate  side-mode 
injection  locking  and  the  competition  between 
the  target  mode  and  the  dominant  free-ruruving 
mode.  The  field-noise  spectra  ate  obtained  from 
the  time-dependent  solution  by  a  fast  Fourier 
transform  algorithm. 

We  start  by  performing  a  small-signal  analy¬ 
sis  without  the  noise  terms,  which  indicates  th^ 


the  stable  locking  bandwidth  can  be  itKteased 
significantly  by  injection  into  a  side  mode.  As 
sl^n  in  Fig  I,  the  stable  locking  range  is  pre¬ 
dicted  to  increase  with  the  detuning  fttm  the 
gam  peak.  This  implies  that  better  locking  atvd 
eased  operational  tolerances  can  be  expected 
with  side-mode  injection.  This  prediction  is  con¬ 
firmed  by  numerical  simulation  of  noise  spectra 
with  different  target  modes.  Although  the  noise 
spectra  for  the  peak-mode  injection  indicate 
poor  locking  of  the  free-running  dominant 
mode  (Fig.  2)i  the  field-noise  spectrum  of  tl» 
slave  laser  is  almost  a  replica  of  the  master  oscil¬ 
lator  when  mode  -•'3  (short-wavelength  side  of 
the  gain  spectrum)  is  chosen  (Fig.  3V  Contrary 
to  noiseless  small-signal  calculations,  however 
the  locking  quality  degrades  when  higher 
detuning  is  attempted,  which  demonstrates  the 
importance  of  noise  effects. 

In  summary  the  first  multimode  numericaJ 
simulations  of  field-noise  spectra  in  injection- 
locked  diode  lasers  are  reported.  Small-signal 
predictions  of  improved  locking  ere  verified, 
and  an  optimal  target  mode  is  identified.  We 
demonstrate  that  by  proper  choice  of  the 
injected  mode,  it  is.  possible  to  achieve  nearly 
perfect  locking.  The  results  are  consistent  with 
our  earlier  calculations  of  frequency-noise  spec¬ 
tra.  To  our  best  know-ledge,  these  are  the  first 
calculations  of  field-noise  spectra  for  injectioiv- 
locked  semiconductor  lasers. 

1.  1  -M  Luo  and  M.  Osihski,  in  Technical  Digest, 
International  Quantum  Electronics  Confererwe 
(Optical  Society  of  America,  Washington,  P.C., 
1990k  paper  QThl25. 

2.  N  Schutvk  and  K.  Brlennann,  IEEE ).  Quantum 
Electron  (}E-22,  M2  (1986k 


QWD30  Orthogonal-field  noise  coupling 
in  the  half-waveplaie/polarizer 
allenuitor 
Brian  H  Kolner 

Heuleli  piclard  laboratories,  P.O.  Box  10350, 
BuiUing  26M16.  Pale  Alto,  Califomia 
94303-0867 

The  crv.entional  optica]  attenuator  for  linearly 
polarized  light  is  constructed  witi.  a  half-wave 
retardation  plate  and  a  polarizer  and  works  by 
rttahng  irKrdenI  linearly  polarized  light  so  that 
the  power  transmitted  by  the  polarizer  has  a 
co$’28  dependence,  where  8  is  the  angle 
between  the  optic  axis  of  the  waveplate  and  the 
incident  electric  field  vectoc  If  the  incident  light 
is  not  completely  linearly  polarized,  but  has  a 
small  orthogonal  component,  then  as  the 
waveplate  is  rotated  to  i.duce  the  net  power,  the 
unwanted  orthogonal  field  component  is 
incieased  as  measured  past  the  polarizer.  Hence, 
the  net  power  does  not  gc  to  zero. 

Now,  consider  the  nature  of  the  transmitted 
power  when  amplitude  fluctuations  on  the  two 
cxlhogonal  compionents  are  itKiuded.  When  •  « 
0.  the  noise  results  entirely  from  the  main  polar¬ 
ization  field,  and  when  •  -  45*,  the  noise  results 
ordy  from  the  weaker  orthogonal  field.  In  many 
cases,  lasers  are  constructed  with  intracavity 
loss  elements  that  are  polarization  dependent,  so 
the  laser  tends  to  operate  in  a  single  polariza¬ 
tion.  However:  light  emerging  from  the  cavity  in 
the  unwanted  pofarization  will  be  much  ctoser 
to  threshold  (above  or  below)  and  will  have  a 
larger  relative  noise  component.'  Hence,  as  the 
attenuator  reduces  the  optical  power  and  the 
contribution  of  the  quieter  polarization  field,  the 
contribution  of  the  noisier  unwanted  field  is 
enhanced  We  thu-  have  the  inleiestmg  silua- 
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QW028  Rg.  1.  BoufldjriM  where  A|  is  ci]ual 
«o  either  Ai  or  Aj  (solid  lines)  and  kw  o(  degeneracy 
where  two  of  the  A,  on  the  branch  of  sotutions  cf 
Eqs.  (4)  eoirrdde  (dashed  lines)  (or  V  «  0.15  and  a  - 

4. 


QW028  Rg.  2.  Bifurcation  diagram  showing 
the  inteixsities  t,  and  fj  of  the  single-mode  and  two- 

mode  solutions  versus  the  pump  Aloe  x  =  1-I5,h  “ 

0.8.  g  «  0.15.  and  «  •  4.  A  braiKh  of  stable 
tjuasiperiodir  solutions  emerges  from  Aa. 
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QWT>29  Rg.  t.  Stable  tacking  range  for  vari¬ 
ous  Injected  inodes  at  the  bias  Irvef  ra  20%  abas*  the 
bee-running  threshold,  cikulalcd  by  small-signal 
analytis.  The  optirs)  Injection  level  foe  each  mode  is 
such  lhae  a  aen>-phase  mode-suppression  ratio  of  20 
Is  maintsinrd. 


QWD29  Rg.  2.  field-notse  spectra  of  slawe 
Isscr  (a)  under  free-runnirtg  tundilions  sttd  (^ 
under  the  peak-mode  injection  with  lelalive  tr^K- 
lion  levds  to  achieve  a  mode-st^pression  ratio  of  20. 
The  slave  laser  is  biased  at  1.2/*.  and  the  master  is 
biased  at  1.5 1*. 


recouCNCT  (CHi) 
fidd-flotse  so 


of  stave 


retOuCve*  (e»r) 

QW029  Rg.  3.  Reid  noise  spectra  of  (t)  the 
master  laser  biased  at  1 .5  I*  and  (b)  the  slave  laser 
biased  at  1.2 1*,  injected  into  mode  3.  The  in^nn 
level  if  such  ^  a  mode-supprcsskin  ratio  of  20  ia 
achieved  between  the  Utgel  mode  and  the  free- 
tunning  gain-peak  mode. 
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Comparison  of  the  power  generated  by  various  heat  sources,  obtained  by  integrating  local  yields  over 
ihe  respective  layers,  reverb  the  most  important  heat  sources  in  the  device.  In  contrast  to  edge- 
emitting  lasers,  the  active-iegioa  beating  dominates  only  at  relatively  small  values  of  pumping  cunenL 
At  large  current  levels,  loule  heating  in  the  AlCaAs  layer  becomes  the  single  most  important  heat 
source.  The  aggregate  effect  of  loule  heating  in  all  byers  is  the  dominant  heat  source  ova  the  entire 
current  range  considered  •  4/(||). 

We  have  also  investigated  the  effect  of  changing  various  structural  parameters  on  thermal  behavior  of 
etched-well  VCSELs.  It  will  be  sho^  that  excessive  heating  can  be  reduced  substantially  by  simple 
technological  improvements  in  the  device  design. 


MICROSTRUCTURE  OF  IaAsxSb|.x  INFRARED  DEVICES 

5.  Chaddo*.  A.  K.  Datye.  Department  of  Chemical  Engineering,  University  of  New  Mexico. 

Albuquerque,  NM  671 31  jond  L.  R.  Dawson,  Sandia  National  L^ratories.  AU>uquerque,  NM  87185. 

ni-V  alloy  devices  art  being  considered  for  applications  as  infiraied  detectors,  by  several  research  groups 
due  to  processing  advantages  ova  II-Vl  alloy  devices.  lnAso.4Sbo.6  has  the  lowest  band  gap  at  77  K 
among  all  IQ- V  compounds,  which  corresponds  to  a  cut  off  wavelength  of  9  ym.  The  use  of  strained 
laya  superlaitices  (SLS)  was  first  proposed  by  Osbourn^  for  lowering  the  band  gap  and  achieving 
absorption  at  wavelengths  greata  than  12  |tm  at  77  K.  Devices  were  grown  by  Mokcidar  Beam 
Epitaxy  (MBE)  and  consist^  of  a  p-n  junction  embedded  in  a  lnASxSb).s/lnSb  SLS  with  layers  of 
equal  thickness.  The  active  device  SLS  was  grown  on  a  composition  grilled  strain  relief  buffa  on 
(100)  face  of  InSb  substrates.  The  samples  wae  sliced,  thinned,  poU died,  dimpled  and  ion  milled  for 
maldng  cross-section  Transmission  Electron  Microscope  (TEM)  samples.  This  papa  will  discuss 
various  types  dislocations  nucleating  due  to  misfit  strain  in  this  system.  Fuitha  it  will  correlate  the 
growth  conditions  with  dislocation  density,  type  of  dislocations,  electrical  properties  of  the  device. 

iQ.  C  Osbourn.  J.  V»c.  Sci.  TechnoL  B  (19M)  2  (2).  176. 


DISTRIBUTED-FEEDBACK  GaAs/AlGaAs/AlAt  VERTICAL-CAVITY  SURFACE- 
EMITTING  LASER  WITH  RESONANT-PERIODIC-GAIN  ACTIVE  REGION 
Mohammad  Mahbobtade.h*,  Emmanuelle  Candjbakhch,  Eric  A.  Armour,  Kong  Zheng,  Shang^Zhu 
Sun,  Christian  F.  Schaus,  and  Marek  Osinski.  Center  for  High  Technology  Materials,  University  of 
New  Mejdco,  Albuquerque,  New  Metdeo  87131  •8081. 

Dramatic  progress  in  vertical-cavity  surface-emitting  lasers  (VCSELs)  achieved  ova  the  last  two  years 
brought  foth  a  variety  of  novel  device  structures.  Significant  new  concept,  resulting  in  gain 
enhancement  along  the  vertical  direction,  was  the  replacement  of  a  bulk  active  region  with  thin  (angle- 
or  muldple-quantum-weli)  layers  in  a  carefully  designed  Bragg  resonator  such  that  the  active  laya 
would  coincide  with  an  antinode  of  laser  radiation.  VCSELs  with  a  single  active  region  satisfying  (his 
resonant  condition  are  often  called  microlasers.  A  generalization  of  (he  microlasa  concept,  consisting 
in  extending  its  acu've  region  R>  multiple  layers  separated  by  half-wave  spacos,  results  in  distributed- 
Bragg  reflector  resonani-periodic-gain  (DBR-RPG)  lasers.  The  most  recent  advance  in  RPG  bsa 
structures  is  a  distributed-feedback  resonant-periodic-gain  (DFBRPG)  VCSEL,  where  an  RPG  active 
region  is  intercalated  with  the  muliilaya  high  reflectors  ^HRs).  The  new  dc^gn  eliminates  the  need 
fa  end  reflectors  in  DBR-RPG  structures  and  reduces  the  total  thickness  of  the  device,  wlule  retainirtg 
all  characteristic  features  of  RPG  medium. 

Our  first  DFB-RPG  VCSEL  lasa  has  been  fabricated  by  MOCVD  in  a  single  growth  cycle.  The 
structure,  designed  fa  operation  at  n  >  1  subband  tranrition.  consists  of  a  stack  of  10-nm  thick  CaAs 
single  quantum  wells  separated  by  halfwave  AlAVAlo  .isGao.85As  spacers.  The  total  device  tluckness 
of  the  DFB-RPG  is  -Si  pm.  For  (he  sake  of  comparison,  a  DBR-RTC  lasa  with  the  same 
cumulative  active  medium  thickness  and  MHR  reflativities  would  be  almost  two  times  thicka  (-10.S 
pm).  A  direct  consequence  of  shorta  cavity  length  is  increased  longitudinal  mode  spacing.  Conpuied 
to  an  equivalent  DBR-RPG  device,  a  rcmaikable  difTcrence  between  the  two  structures  is  the  absence  of 
any  side  inodes  within  the  entire  high-reflectivity  band  of  the  DFB-RPG  lasa. 
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The  as'grown  wafers  were  optkaDy  excited  using  the  740  lun  line  of  Ar^ion-puinped  dye  laser,  with  the 
pumping  beam  diameter  of  10  pm.  Even  though  no  heat  sink  was  used,  the  cw  output  power  of  7  mW 
is  considerably  higher  than  that  obtainable  fiom  singte-<{uanlum-wel]  miciolaserx,  while  it  is 
comparable  to  that  of  DBR*RPG  devices. 


BROAD-AREA  MODE-COUPLING  MODEL  FOR  CARRIER-GUIDED  DIODE 
LASER  ARRAYS 

Marek  Osinski*  and  Chung-Pin  Cherng,  Center  for  High  Technology  Materials,  University  New 
Mexico,  Albuquerque,  New  Mexico  67131-^091. 

The  objective  of  this  paper  is  to  demonstrate  suitability  of  a  broad-arer.  mode-coupling  igiproach  to 
describe  modal  prq;>erties  of  carrier-guided  semiconductor  laser  arrays.  The  supetmode  theory  often 
adopted  to  explain  modal  behavior  of  phased  array  lasers  is  suitable  only  for  in^x-guided  arrays,  ^e 
it  requiies  a  Imis  of  individual  waveguide  modes.  For  carrier-guided  arrays,  with  no  built-in  lat^ 
variation  of  refracdve  index,  such  approach  faUs  to  predict  cotr^y  the  number  of  system  modes  and 
their  relative  gains.  It  is  more  appropriate  to  treat  Ok  carrier-guided  array  as  a  peituiM  broad-area 
laser,  since  tiK  number  of  lateral  m^es  is  not  limited  in  this  case  by  the  number  of  array  elements. 
Recently,  a  simple  model  of  carrier-guided  arrays  was  proposed,  bas^  on  the  stattdard  pemrtation 
theory.  It  assumes  an  inTmite  loss  outside  the  active  region  and  ignores  differences  between  modal 
gains  of  all  the  unperturbed  (broad  area)  modes,  claiming  that  these  simplifications  would  not  affect  the 
results  significantly.  In  this  paper,  we  show  that  either  of  these  assumptions  has  important 
consequences  on  the  calculate  mo^  gains  for  the  array  modes. 

Rather  than  using  the  perturbation  theory,  we  follow  the  coupled  mode  formulation,  but  with  a  basis  of 
broad-area  modes  inst^  of  individual  wav^uide  modes.  An  active  broad-area  waveguide  *is  considered, 
with  the  gain-index  coupling  as  well  as  q>atiaDy  averaged  temperature  effects  includ^  The 
perturbation  due  to  array  structure  is  assumed  in  form  a  raised  sinusmdal  modulation  of  permittivity, 
with  gain  maxima  at  stripe  centers.  A  smooth  half-period  cosine  pronie  of  temperature  is  also  included 
in  the  perturbation. 

As  an  example,  we  consider  a  10-stripe  CaAs/AlGaAs  carrier-guided  array  similar  to  commercially 
available  devices  (SDL-2410C,  6-pm  stripes  on  lO-ftm  cen^,  muItiple-quantum-wcD  active  region). 
A  comparison  of  the  present  theory  with  earlier  simplified  perturbation  ai^ysis  corresponding  to  a 
limit  of  very  high  loss  and  constant  reveals  that  the  previous  treatment  is  unreliable  in  predicting  the 
.modal  gains  of  high-oider  array  modes  (mode  numbv  larger  than  the  number  of  emitters).  It  should  be 
emphasized  that  these  high-order  modes  usually  dominate  in  camer-guided  arrays,  hence  precise 
knowledge  of  their  modal  gains  is  very  important  in  considerations  of  mode  orde^g  and  mode 
suppression  schemes. 

Our  results  reveal  that  earlier  agreement  between  the  simplifled  model  and  experimental  observations 
was  fortuitouA  On  the  other  broad-area  coupled-mode  theory  can  contribute  to  improved 
understanding  of  array  laser  behavior  and  constitutes  an  important  design  and  interpretation  tool. 


OPERATOR  ORDERING  IN  EFFECTIVE-MASS  HAMILTONIAN  FOR 
SEMICONDUCTOR  SUFERLATTICES  AND  QUANTUM  WELLS 
Mohammad  Moiahedie*  and  Marek  OsinsU,  Center  for  High  Technology  Materials,  University  of  New 
Mexico,  Albuquerque,  New  Mexico  Slldl-OOSJ. 

In  recent  years,  effective-mass  theory  has  been  used  extenrively  as  a  compuiationa]  tool  for  determining 
electronic  states  and  other  properties  of  abrupt  heterostructures,  superlattices,  and  quantum  weDs.  It  has 
been  recognized  that  application  of  the  effective  mass  theory  to  abrupt  interfaces  b^een  different 
materials  suffers  from  ambiguity  in  kinetic  energy  operator  ordering,  caused  by  non-vanishing 
commutator  of  the  momentum  qierator  and  the  position-dependent  effective  mass  ffl(z).  This  leads  lo 
non-uniqueness  of  Hamiltonian,  which  in  its  general  form  can  be  written  as 
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Abstract 

Distributed-feedback  resonant-periodic-gain  surface-emitting  lasers  are  pumped  opti¬ 
cally.  The  output  power  of  8.S  W  over  7  ns  pulsewidth  with  power  conversion  efficiency 
of  10.5%  Is  achieved.  This  corresponds  to  a  record  peak-power  density  of  4.5  MW/cm*. 
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Vertical-cavity  surface-emitting  semiconductor  lasers  (VCSELs)  are  very  attractive 
for  applications  in  optical  computing,  image  processing,  free-space  communications,  and 
high-power  two-dimensional  arrays.  Conventional  VCSELs  with  bulk  active  regions 
suffer,  however,  from  low  external  efficiency  and  consequently  low  output  power.  The 
primary  reason  for  their  poor  performance  is  the  competition  between  the  desirable  ver¬ 
tical  emission  and  parasitic  amplified  spontaneous  emission  (ASE)  in  the  transverse  di¬ 
rections.  In  order  to  reduce  the  lasing  threshold  and  suppress  the  ASE,  two  concepts  of 
VCSELs  with  quantum-well  (QW)  active  regions  have  been  pursued  in  parallel  a  reso- 
oant-periodic-gain  (RPG)  structure,  with  multiple  active  layers  spaced  at  half  the  wave- 
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length  of  a  selected  optical  transition^'*,  and  a  microresonator  structure*,  with  a  single 
QW  f>Iaced  in  a  Bragg  resonator.  Both  designs  achieve  gain  enhancement  in  the  vertical 
direct.'on  by  aligning  the  active  regions  with  the  maxima  of  the  longitudinal  mode  pat¬ 
tern  i.t  the  emission  wavelength.  Recently,  a  new  distributed-feedback  (DFB)  structure 
for  RPG  VC'SELs  has  been  proposed^.  In  that  design,  illustrated  in  Fig.  1,  the  QW  ac¬ 
tive  regions  are  interspersed  within  a  stack  of  quarter-wave  layers  that  form  multilayer 
high  reflectors  (MHRs).  The  new  design  eliminates  the  need  for  end  reflectors  in  the 
previous  RPG  structures  and  reduces  the  total  thickness  of  the  device,  while  retaining 
the  characteristic  features  of  RPG  medium  (gain  enhancement  in  vertical  direction, 
wavelength  selectivity,  ASE  suppression,  etc.). 

Our  DFB-RPG  VCSEL  GaAs/AlGaAs/AlAs  laser  was  fabricated  by  MO-CVD.  The 
device  consists  of  a  stack  of  10- nm  thick  GaAs  single  quantum  wells  separated  by  half¬ 
wave  AlAs/Alo.isGao.ssAs  spacers.  The  whole  structure  contains  42.5  periods,  of  which 
24  are  at  the  GaAs  substrate  side  and  IS.S  at  the  top.  Calculated  reflectivities  of  the 
lower  and  upper  reflectors,  separated  by  a  half-wave  Alo.isGao.uAs  phase  shifter,  are 
99.76%  and  99.56%,  respectively.  The  output  light  is  collected  through  the  top  reflector. 

The  total  thickness  of  the  structure  described  above  is  -5.5  pm.  For  the  sake  of 
comparison,  a  distributed  Bragg  reflector  (DBR)  RPG  laser  with  the  same  cumulative 
active  medium  thickness  and  MHR  reflectivities  would  be  almost  two  times  thicker 
(-10.5  pm). 

The  as-grown  wafers  were  optically  pumped  through  the  top  mirror.  Under  cw 
conditions,  thermally  limited  output  power  of  6.7  mW  was  obtained  with  10-pm  diame¬ 
ter  of  the  pumping  beam.  A  Q-switched  pumped  dye  laser  operating  at  740  nm  was  used 
for  high-power  pulsed  pumping.  Fig.  2  shows  the  input/output  characteristic  for  pulsed 
conditions  (7  ns  pulse  duration,  10  Hz  repetition  rate).  The  efficiency  of  conversion  of 
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the  estimated  absorbed  pump  power  into  the  lasing  output  emitted  through  the  top  sur¬ 
face  was  -10%.  Using  a  measured  lasing  spot  size  of  ->16  pm,  the  maximum  peak  output 
power  of  8.S  W  corresponds  to  ~4.S  MW/cm’.  It  is  approximately  one  order  of  magni¬ 
tude  higher  than  the  maximum  power  density  obtained  from  DBR-RPG  lasers  under 
similar  pumping  conditions*. 

In  conclusion,  DFB-RPG  laser  structure  is  very  promising  for  high-power  applica¬ 
tions.  While  the  total  device  thickness  is  comparable  to  that  of  a  microlaser,  a  multiplic¬ 
ity  of  active  layers  results  in  a  record-high  pulsed  output  power.  Preliminary  data  ob¬ 
tained  on  optically  pumped  bare  wafer  DFB-RPG  samples  without  any  heat  sinking  il¬ 
lustrate  the  tremendous  potential  of  these  devices.  To  our  best  knowledge,  the  peak 
power  density  of  4.5  MW/cm*  is  the  highest  ever  reported  for  any  semiconductor  laser. 
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Figure  Captioos 

Fig.  1.  Schematic  illustration  of  the  DFB-RPG  layer  structure,  corresponding  intensity 
distribution  of  resonant  mode,  and  refractive  index  profile.  Thick  lines  (A) 
represent  high-index  quantum-well  active  layers,  unshaded  regions  (B)  -  in¬ 
termediate-index  quarter-wave  spacers,  unshaded  region  C  -  half-wave  phase 
shifter,  shaded  regions  (D)  -  low-index  quarter-wave  spacers.  A,  -  resonant 
wavelength. 

Fig.  2.  Input/output  energy  and  powe. -density  characteristic  of  the  DFB-RPG  laser 
pumped  by  7  ns  pulses  at  10  Hz  repetition  rate. 
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ABSTRACT 

Low-threshold  bistable  optical  elements  and  saturably  absorbing  switches  are  possible  using  excitonic 
absorption  in  multiple  quantum  wells  spaced  by  one-half  the  optica]  wavelragth.  For  GaAs/AlGaAs 
etalons  with  twenty  10-nm  quantum  wells,  thresholds  may  be  as  low  as  18  W  cm'^. 


Absorptive  optical  bistability  and  switching 
in  MQW  etalons  with  optical  half-wave  periodicity 

Donald  L.  McDaniel  Jr.  and  John  G.  Mclnemey 

Optoelectronic  Device  Physics  Group 
Center  for  High  Technology  Materials 
University  of  New  Mexico 
Albuquerque.  NM  87131-6081. 

SUMMARY 

Optica]  bistability  (OB)  in  passive  nonlinear  etalons  such  as  those  containing  multiple  quantum  wells 
(MQW)  of  GaAs/AlGaAs  is  a  promising  alternative  to  other  bistable  optical  switching  mechanisms  such 
as  those  which  occur  in  semiconductor  lasers  and  laser  amplihers  [1].  Although  OB  in  passive  nonlinear 
etalons  is  somewhat  slower,  it  is  much  more  easily  extendable  to  one-  and  two-dimensirmal  arrays  of 
switches.  To  realize  this  advantage,  it  is  necessary  to  minimize  the  switching  thresholds  and  optica] 
absorption  (and  hence  the  power  dissipation)  in  the  MQW  etalon.  Following  an  approach  which  has 
already  proven  successful  in  reducing  thresholds  and  increasing  power  efficiencies  of  vertical-cavity 
surface-emitting  semiconductor  lasers  (VCSELs)  [2],  here  we  consider  a  resonant  periodic  absorption 
(RPA)  device,  consisting  of  an  etalon  enclosing  several  absorbing  layers  -  ideally  single  quantum  wells  or 
closely-spaced  groups  of  quantum  weUs  -  spaced  one-half  wavelength  apart  and  positioned  so  that  they 
align  optimally  with  the  antinodes  of  the  standing  wave  optical  field  in  the  etalon. 
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We  have  analyzed  the  GaAs/GaAlAs  RPA  structure  nunoerically  using  a  wave  propagation  model  in  a 

thin-film  matrix  formalism  [3].  The  spacers  are  assumed  to  lu>ve  constant  indices,  the  unsaturated  QW 
absorption  ct^  follows  the  semi-empirical  description  of  Gremla  et  al.  [4],  and  the  excitonic  features 

saturate  according  to  the  simple  rule  ot(I)  =  a^/(l  +  in  contrast  to  the  situation  where  optically- 

pumped  lasing  occurs,  here  the  spacers  are  non-absorbing  and  the  input  optical  beam(s)  for  holding  and 
switching  are  tuned  close  to  the  heavy-hole  excitonic  absorption  peak  in  the  quantum  wells.  As  in  the 
VCSEL,  significant  excitation  of  the  quantum  wells  occurs  primarily  along  the  cavity  axis  and  at  the 
design  wavelength,  reducing  the  switching  threshold.  Figure  1  shows  calculated  optical  input-output 
characteristics  for  a  GaAs/GaAlAs  RPA  bistable  switch  with  twenty  absorbing  layers  (single  10-nm 
quantum  wells)  and  different  end  reflectivities. 

Comparison  between  resonant  and  non-resonant  MQW  absorbing  switches  shows  that  switching 
thresholds  may  be  reduced  by  up  to  a  factor  of  three  when  optical  half-wave  periodicity  is  introduced. 
This  reduction,  together  with  the  low  background  absorption  of  the  RPA  structure,  should  enable 
efficient  arrays  of  bistable  optical  switches  to  be  constructed. 

We  acknowledge  financial  assistance  from  the  US  Air  Force  Rome  Laboratory,  Hanscom  AF6  and  from 
the  Air  Force  Office  of  Scientific  Research. 
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Abstract 

The  magnitude  of  the  subband-edge  shift  between  the  extreme  cases  of  effectlre- 
mass  operator  ordering  is  shown  to  depend  substantially  on  superlattice/quantum  well 
parameters.  Comparison  with  experimental  data  leads  to  a  Hamiltonian  consistent  with 


earlier  microscopic  calculations. 
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In  recent  years,  effective-mass  theory  has  been  used  extensively  as  a  computational 
tool  for  determining  electronic  states  and  other  properties  of  abrupt  heterostructures,  su¬ 
perlattices,  and  quantum  wells.  It  has  been  recognized^'’  that  application  of  the  effective 
mass  theory  to  abrupt  interfaces  between  different  materials  suffers  from  ambiguity  in 
kinetic  energy  operator  ordering,  caused  by  non- vanishing  commutator  of  the  momen¬ 
tum  operator  and  the  position-dependent  effective  mass  m(z).  This  leads  to  non-unique¬ 
ness  of  Hamiltonian,  which  in  its  general  form  can  be  written  as^ 
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H  -  -ift*  Iw(z)r  V  [m(z)}f  V  Im(z)p  ♦  K(z). 

with  2o  +  ^  ■  -1.  Corresponding  with  this  one-parameter  family  of  operators,  the 
matching  conditions  for  the  envelope  wave  function  VK-)  its  derivative  i>'{2)  are  also 
parametrized,  with  continuity  of  Im(z)]*^z)  and  \m(zyf  d[[m(z)f*^z)ydz  at  the  inter¬ 
faces’. 

The  values  of  a  and  P  can  in  principle  be  determined  by  comparison  with  micro¬ 
scopic  theory’*’  or  experiment*.  Yet,  while  theoretical  considerations  indicate  that  only 
P  m  .\  (or  «  0}  is  consistent  with  microscopic  treatment’**,  Fu  and  Chao  reported®  that 
experimentally  observable  interband  transition  energies  are  not  sensitive  to  the  choice  of 
p.  In  this  paper,  we  resolve  this  apparent  controversy  by  demonstrating  that,  contrary  to 
Fu  and  Chao’s  assertion,  the  interband  transition  energies  do  vary  substantially  with  p. 
Comparison  with  available  data  confirms  that  the  choice  ot  P  •  -1  provides  the  best  fit 
with  experiment. 

Specifically,  we  have  analyzed  GaAs/AIsOai.xAs  superlattice  and  quantum  well 
systems  using  the  transfer  matrix  technique*.  The  results  show  that  an  increase  in  sub¬ 
band-edge  energy  within  the  conduction  band  is  approximately  linear  with  P  (-1  <  P  < 
0).  We  have  also  investigated  the  effects  of  superlattice  parameters,  such  as  subband  in¬ 
dex,  thicknesses  of  both  constituent  materials,  and  barrier  height  (composition)  on  the 
shifts  of  subband-edge  energy,  between  the  two  extreme  cases  of  p  m  -i  and  P  •  0.  As 
shown  in  Fig.  I,  calculated  energy  levels  are  more  sensitive  to  the  choice  of  P  for  higher 
subbands.  Even  for  the  lowest-order  subband,  the  effect  gets  substantially  stronger  with 
decreasing  well  thickness  (Fig.  2).  Increasing  the  barrier  height  or  thickness  will  also 
result  in  a  larger  shift  of  the  lowest-subband-edge  energies  (e.g.,  33.5  meV  for  x  «  0.4 
barrier  vs.  15  meV  for  x  »  0.25  in  Fig.  3),  thus  in  general  the  effect  is  stronger  in 
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quantum  wells  than  in  superlattices. 

Having  determined  that  the  choice  of  fi  can  manifest  itself  in  substantial  shifts  of 
transition  energies,  we  have  attempted  to  fit  various  experimental  data  available  in  the 
literature.  In  all  cases  we  arrived  at  the  same  conclusion,  namely  that  ^  -  -1  fits  experi¬ 
ments  better  than  any  other  value  of  fi  within  the  range  -1  <  ^  <  0.  Therefore,  we  con¬ 
clude  that  the  correct  choice  for  the  kinetic  energy  operator,  consistent  both  with  ex¬ 
perimental  data  and  the  microscopic  theory,  is  ^  »  -1. 
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Figure  Captions 

Fig.  1.  ^-dependence  of  the  subband  structure  in  a  GaAs/Alo.3sGao.7sAs  superlattice 
with  the  well  width  di  *  ISO  A  and  the  barrier  thickness  dj  «  25  A,  calcu¬ 
lated  for  three  lowest  subbands. 

Fig.  2.  ^-dependence  of  the  lowest-subband  structure  in  GaAs/Alo.25Gao.75As  superlat¬ 
tices  with  d]  -  2S  A,  and  di  •  150  A  (solid  lines)  or  >  25  A  (broken  lines). 

Fig.  3.  ^-dependence  of  the  lowest-subband  structure  in  GaAs/AUGai-xAs  superlattices 
with  di  ■  30  A,  </j  -  25  A,  and  x  ■  0.25  (solid  lines)  or  x  »  0.4  (broken  lines). 
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The  ts-grown  wafers  were  opUcaDy  excited  using  the  740  lun  line  of  Ar*ioii>pamped  dye  laser,  with  the 
pumping  beam  diameter  of  10  |ijn.  Even  though  no  heat  sink  was  used,  the  cw  output  power  of  7  nW 
is  considerably  higher  than  that  obtainable  from  single-tiuantum-weD  mioolasers.  whOe  it  b 
oomparaNe  to  thatof  DBR'RPG  devices. 


BROAD-AREA  MODE-COUPLING  MODEL  FOR  CARRIER-GUIDED  DIODE 
LASER  ARRAYS 

March  Osinshi*  and  Chung-Pia  Ckerng,  Center  for  High  Technology  Materials,  V raver sity  of  New 
Mexico,  Albuquerque,  New  Mexico  87131-6081. 

The  Objective  of  this  paper  is  to  demonstrate  suitability  of  abroad-area  mode-coiq>iing  approach  to 
describe  modal  properties  of  carrier-guided  semiconductor  laser  arrays.  The  supemtode  the^  often 
adopted  to  expl^  modal  behavior  of  phased  array  lasers  is  suiuble  only  for  index-guided  arrays,  since 
it  requires  a  basis  of  individual  waveguide  modes.  For  carrier-guided  arrays,  with  no  built-in  Itf^ 
variation  of  refractive  index,  such  approach  fails  to  predict  corr^y  the  number  of  ^stem  modes  and 
their  relative  gains.  It  b  more  apprq^te  to  treat  the  carrier-guided  array  as  a  perUiiM  broad-area 
laser,  since  tlk  number  of  lateral  modes  b  not  limited  in  this  case  by  the  number  of  array  elements. 
Recently,  a  simple  model  of  carrier-guided  arrays  was  proposed,  bas^  on  the  standard  perturbation 
theory.  It  assumes  an  infinite  loss  outside  the  active  region  and  ignores  differences  between  modal 
gains  of  all  the  unperturbed  (broad  area)  modes,  claiming  that  th^  simplifications  would  not  affect  the 
results  significantly.  In  this  paper,  we  show  that  either  of  these  assumptions  has  important 
consequences  on  the  calcubt^  mo^  gains  for  the  array  modes. 

Rather  than  using  the  pertui^on  theory,  we  follow  the  coiq>led  mode  formulation,  but  with  a  basb  of 
broad-area  modes  inst^  of  individual  wave^de  mocks.  An  active  braad-area  waveguide  b  considered, 
with  the  gain-index  coupling  as  weO  as  spatially  averaged  temperature  effects  includ^  The 
perturbation  due  to  array  structure  b  assumed  in  form  araised  sinusoidal  modulation  of  permittivity, 
with  gain  maxima  at  stripe  centers.  A  smcroth  half-period  cosine  profile  of  temperature  b  also  incluM 
in  tire  perturbatiotL 

As  an  example,  we  consider  a  10-stripe  GaAsfAlCaAs  carrier-guided  array  similar  to  commercially 
available  devices  (SDL-2410C,  ti-pm  stripes  on  10-pm  centers.  multipIe-quanium-weO  active  region), 
A  comparison  of  the  present  theory  with  earlier  simpIiTied  perturbation  antfysis  corresponding  to  a 
limit  of  very  high  loss  and  constant  reveals  that  the  previous  treaunent  b  unrelbble  in  predicting  the 
modal  gains  of  high-order  array  modes  (mode  numbv  larger  than  the  number  of  emitters).  It  should  be 
emphasized  that  these  high-otda  mocks  usually  dominate  in  carrier-guided  arrays,  hence  precise 
knowledge  of  their  modal  gains  b  very  importluu  in  considerations  of  mode  ordering  and  mode 
suppression  schemes. 

Our  results  reveal  that  earlier  agreement  between  the  ampUfled  model  and  experimental  observations 
was  fortuitous.  On  the  other  hand,  brood-area  coupled-mode  theory  can  contribute  to  improved 
undostanding  of  array  laser  behavior  and  constitutes  an  important  deagn  and  interpretation  tool. 


OPERATOR  ORDERING  IN  EFFECTIVE-MASS  HAMILTONIAN  FOR 
SEMICONDUCTOR  SUPERLATTICES  AND  QUANTUM  WELLS 
Mohammad  MoiaheSe*  and  March  Osinshi,  Center  for  High  Technology  Materials,  University  of  New 
Mexico,  Albuquerque,  New  Mexico  87131-^1. 

In  recent  years,  effective-mass  theory  has  been  used  extensively  as  a  computational  tool  for  determining 
electronic  states  and  other  properties  of  abrupt  heterostructures,  supertanices,  and  quantum  weOs.  Ithas 
been  recognized  that  application  of  the  effective  mass  theory  to  daupt  interfaces  bc^een  different 
materials  suffers  from  ambiguity  in  kinetic  energy  operator  ordering,  caused  by  non- vanishing 
commutator  of  the  momentum  <^>erator  and  the  position-dependent  ^active  mass  m(z).  Thb  leads  to 
non-uniqueness  of  HamDtonian,  which  in  iu  general  form  can  be  written  as 


H  -  Im(2)l«Vlmrx))P  Vlin(i)]  «*♦  Vfx). 

with  2a  -«■  p  ■  '1.  ConcqKMKling  with  this  one-parameter  family  of  operators,  the  matching  conditions 
for  the  envelope  wave  function  v(z)  and  its  deii  vative  VCz)  ait  ^  parametized.  with  oontimnty  of 
(<n(z)y^Kz)  and  [m(z)]Pd((ii<z)]^z))Alz  at  the  inieifaces. 

The  values  of  a  and  P  an  in  principle  be  determined  by  comparison  with  microscopic  theory  or 
experiment.  Yet,  while  theoretical  considerau’ons  indicate  that  only  p  ■  -1  (a  >  0)  is  consistent  with 
microscopic  treatment,  there  have  been  repeals  that  experimentally  observable  intoband  transtion 
energies  are  not  sensitive  to  the  chdee  of  p.  In  this  paper,  we  resolve  this  apparent  controversy  by 
demonstrating  that,  contrary  to  earlier  claims,  the  interband  transiUon  energies  do  vary  substantially 
with  p.  Comparison  with  available  data  confirms  that  the  choice  of  P  ■  *1  provides  the  best  fit  with 
experiment. 

Specifically,  we  have  analyzed  GaAs/AlxCai.^As  superlattice  and  quantum  well  systems  uring  the 
transfer  matrix  technique.  The  results  show  that  within  the  conduction  band  a  subband-edge  energy 
shifts  approximately  linearly  with  p  (-1  ^  P  ^  0).  We  have  also  investigated  the  effects  of  superlattice 
parameters,  such  as  subband  index,  thicknesses  of  both  constituent  materials,  and  barrier  hdght 
(composition)  on  the  shifts  of  subband-edge  energy,  between  the  two  extreme  cases  ttf  p  e and  P  «  0. 
Calculated  energy  levels  are  more  sensitive  to  the  choice  of  P  for  higher  subbands  and  for  decreasing 
well  thickness.  Increasing  the  barrier  height  or  thickness  alM  results  in  larger  shift  of  subband-edge 
energies. 


SURFACE  NORMAL  SECOND  HARMONIC  GENERATION  IN 
PLZT  AND  GaAs  THIN-FILM  WAVEGUIDES 

£  C.  Zou,  K.  J,  Motley  and  A.  Y,  Wu,  Center  for  High  Technology  A  trials  (CHTM),  EECE 
Building,  The  University  of  New  Mexico,  Albuquergue,  New  Mexico  87131-6081. 

We  compare  SHG  in  P:LZT  and  GaAs  thin-film  waveguides.  FLZT  should  offer  higher  conversion 
efficiencies  and  interaction  with  other  optoelectronic  devices.  However,  the  difficulties  presented  by  the 
polycrysialline  structure  of  PLZT  films  need  be  examined  for  FLZT  bas^  devices. 

Our  wavegiude  structure  requires  the  interaction  of  two  counterpropagadng  laser  beams  to  emit  the 
second  haimonic  from  the  surface.  The  single  crystal  LiNbOy-  and  (^As-based  stmciuies  have  been 
stutbed  previously.  It  is  possible  to  deposit  PLZT  thin  films  with  c  axis  (OOl)  normal  to  the  surface 
and  with  the  a  (and  b)  axes  of  the  j»lyciystallites  randomly  oriented  in  the  pl^.  Assuming  such  a 
microstrtictura]  model,  our  calculations  show  the  second  order  nonlinear  polarization  for  emission  from 
the  surface  is  present  only  when  one  of  the  incident  laser  beams  is  TE  and  the  other  is  TM.  P^,  the 
source  of  the  nonlinear  output  is  independent  of  the  orientation  of  the  grains  in  the  waveguide  plam, 

p2««di5Ei«9E2®y. 

This  result  implies  that,  except  for  scattering  losses  at  grain  boundaries,  a  polycrystaOine  FLZT 
waveguide  will  have  identical  properties  to  a  single  cr^ial  structure. 

We  tepon  on  these  considerations  for  PLZT  and  compare  them  with  our  experimental  results  on  single 
crystal  GaAs-based  structures.  The  technological  advantages  of  GaAs  and  the  difliculdes  encountered 
with  PL2T  will  be  discussed. 


MICROSTRUCTURE  AND  ELECTRICAL  PROPERTIES  OF  R.F.  SPUTTERED 
BARIUM  TIT  AN  ATE  FILM  ON  SILICON 

Bi-Shiou  Chiou*  and  Jenq-1  Jiang  Institute  of  Electronics,  National  Chioo  Tung  University,  Hsinchu. 
Taiwan. 
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WH1  Stimulated  emisalon  and 
lasing  studies  of  wide  gap 
R-VI  compounds  using 
optical  excitation 

X.  H.  Yang,  ].  Hays.  W.  Shan,  and  J.  J.  Song 
Oklahoma  Stale  University,  Department  of 
Physics,  SlilhaaleT.  Oklahoma  74078 

StimJtted  emission  and  Using  efTects  of  bulk 
ZnSe  samples,  grown  by  physical  vapor-phase 
transport  technique  and  MBE  epiUyers  on  GaAs 
substrates  were  investigated  (usinga  IC-ns  pulsed 
User)  in  the  frequency  as  well  as  in  the  time 
domain.  For  lasing  studies,  a  laser  cavity  was 
formed  by  cleaving  the  sample's  two  panllel 
Ucets  with  the  cavity  lengths  of  a  few  hundred 
micfons.  The  cleaved  edges  were  not  subjected  to 
lenective  coatings.  The  lasing  threshold  densities 
were  found  to  be  surprisingly  low;  -7  kW/cm'  for 
a  sample  with  a  cavity  length  of  300  |un.  The 
lortgitudinai  modes  of  the  lasers  were  clearly 
resolved.  Stimulated  emission  at  both  10  and  300 
K  was  observed.  The  stimulated  emission  was 
evidenced  by  the  spectral  narrowing  of  the  emis¬ 
sion  peak,  the  highly  superlinear  dependence  of 
the  output  signal  on  the  pumping  power  density, 
and  the  rtarrowing  of  the  temporal  pronie  under 
high  eaciution.  The  gain  values  were  measured 
by  the  variable  eaciution  length  method.  The 
effect  of  the  pumping  photon  energy  on  the  stimu- 
Uted  emission  at  room  temperature  was  inves¬ 
tigated. 

A  comparison  between  the  bulk  and  MBE 
samples  is  made  and  the  physical  mechanism 
involved  is  discussed. 
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WH2  Noise  performance  of 
photorefractlve  crystal 
holograms 

Q.  Wang  Song,  Paitha  P.  Baneijee,  and 
)aw-)ciLiu 

Syracuse  University,  Deportment  of  Electrical 
Engineering,  Syracuse,  New  York  13244 

We  analyze  the  temporal  and  spatial  namre  of  the 
diffracted  light  from  a  photoreftactive  volume 
hologram  uti^r  the  influence  of  electronic  noise 
in  the  material.  Because  of  this  noise,  the 
holographic  grating  within  the  crysul  is  not  strict¬ 
ly  periodic:  in  other  words,  it  has  random  fluctua- 
liocM  in  both  amplitude  and  perkxl.  Gaussian 
beam  iDianination  at  the  nominal  Bragg  angle  is 
assutnerL  The  reason  for  this  choice  is  that  we  can 
now  evaluate  not  only  the  temporal  sutistics  in 
the  diffracted  light,  but  also  its  spatial  random- 
nett.  This  quantitative  evaluation  Khieved 
through  defining  a  system  transfer  function  that 
relates  the  output  diffracted  light  to  the  input  in 


the  spaiUI  frequency  domain.  For  light  nominally 
incident  at  the  Bragg  angle,  this  transfer  function 
may  be  derived  by  Fourier  transforming  the 
paraxial  wave  equation  in  the  presence  of  interac¬ 
tion  terms.  Estimation  of  spuial  ranriotnness  is 
not  possible  to  calculate  auuming  plane  wave 
illumination  since  otte  camot  monitor  transverse 
fluctuations  along  its  wavefront.  By  using  first- 
order  approximation,  the  temporal  and  spatial 
'noise  ratios  are  obuined.  Their  dependence  on 
reading  time,  reading  beam  intensity,  grating 
spacing,  and  temperature  are  predicted. 
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WHS  S«if-trapp*d«xclton 

enhanced  photoetructural 
transformetlon  In  AsSe 
fiber  glees 

A.  W.  Schmid,  M.  Kim,  K.  Cerqua,  and  W. 

D.  LaCourse 

University  of  Kochester,  Laser  Energetics 
Laboratory,  250  E.  River  Rood,  Rochester,  New 
York  14623 

Arsenic  chalcogenide  glasses  for  IR  fiber  and  data 
storage  uses  exhibit  photoinduced  structural 
transformations  when  irradiated  by  below-band- 
gap  light.  We  demonstrate  that  these  transforma¬ 
tions  are  enhanced  by  irradiating  at  a  self-trapped 
exciton  (STE)  resonance  wavelength.  Rayleigh 
and  Raman  signals  show  that  STE  decay  leads  to 
instabilities  among  metasiable  structural  states  in 
bulk  glass.  With  time  constants  of  the  older  of 
seconds,  these  instabilities  may  switch  abruptly 
into  states  of  increased  order.  By  varying  the 
relative  concentration  in  these  binary  compounds, 
we  control  the  availability  of  the  initial  $1%  form¬ 
ing  sute.  These  measurements  provide  evidence 
that  photoinduced  structural  transformations  in 
arsenic  selenides  occw  at  l-S  W/Cm’  irradiation 
levels. 

»:1Sam _ 

WH4  Effects  of  operator 

ordering  In  effectlve-mass 
Hamiltonian  on  transition 
energies  In  semiconductor 
quantum  wells 

Mohammad  Mc^edie  and  Marek  Osiriski 
University  of  New  Mexico,  Center  for  High 
Technology  Materials,  Albuquer^,  New 
Mexico  87131-6081 

ft  has  been  recognized  that  use  of  the  effective 
mass  theory  for  abrupt  interfaces  between  dif¬ 
ferent  materials  suffers  horn  ambiguity  in  kinetic- 
energy  operator  ordering,  caused  by 
nonvanishing  commutator  of  the  momentum 
operator  and  the  position-dependent  effective 
mass.  This  leads  to  nonuniqueness  of  the  Hamil¬ 
tonian.  which  in  its  general  form  can  be  written 
as  a  one-parameter  family  of  operators.'  The 
matching  conditions  for  the  envelope  wave  fiinc- 
tion  and  its  derivative  at  the  interfaces  are  also 
parametrized.'  Recently,  Fu  and  Chao  reported' 
that  experimentally  observable  intetband  transi¬ 
tion  energies  are  not  sensitive  to  the  effective- 
mass  operator  ordering.  In  this  paper,  we 
demonstrate  that  optictf  transition  energies  do 
vary  substantially  with  ordering.  Specifically,  we 
have  analyzed  GaAsfAIGaAs  quantum  wells 
using  the  oansfer  matrix  technique.^  We  have 
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investigated  the  effects  of  quantum  well 
psnmeters.  such  at  subband  index,  thicknesses  of 
both  constituent  materials,  and  barrier  heigiB 
(compotiiion)  on  die  shifts  of  subband-edge  ener¬ 
gy.  briween  the  two  extreme  cases  of  operator 
ordering.  Calculated  energy  levels  are  more  sen¬ 
sitive  to  ordering  for  higher  subbands  and  for 
decreasing  well  thickness.  Increasing  the  barrier 
height  or  thickness  in  coupled  quantum  wells  wig 
also  result  in  a  larger  shift  of  subband-edge  ener¬ 
gies.  Comparison  with  available  data  -Jlows  us  to 
choose  the  ordering  that  provides  the  best  fit  to 
experimera. 
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sen.  Phys.  Rev.  B  42. 34gS  (1990). 
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WH5  Nonlinear  optICBl 

characteristics  of  two- 
wavs  mixing  In  lnP:F* 
photorefractlve  crystals 

Yang  Zhao,  Qingfeng  Tang,  and  Zhaolin  Li 
Wayne  State  University,  Department  of 
Electrical  6r  Computer  Engineering,  Detroit, 
Michigan  48202 

lnP:Fe  phoiorcfractive  crystals  are  anraciive 
materials  for  optical  information  processing  due 
to  their  fast  response  time  and  relatively  high 
nonlinearity.  In  this  work,  we  investigate  two- 
wave  mixing  in  these  crystals  as  a  function  of 
light  intensity,  beam  intensity  ratio,  and  external 
electric  field  iniensity.  The  crystal  used  in  ore 
experiments  was  2.2  x  2.5  x  3  mm  with  incidere 
direction  <1 10>  normal  to  the  2  J  x  3-mm  face. 
The  laser  wavelength  is  1.06  |im.  In  addition  to 
the  energy  transfer  between  the  beams,  we  ob¬ 
served  the  beam  path  deflection  effect  in  die 
crystal  in  our  experiments.  The  arrxrum  of  the  pato 
deflection  depends  on  the  input  intensity  levels. 
A  change  in  the  angle  between  the  interaction 
beams  by  2.4"  was  observed  without  external 
electric  field  cn  the  crystal.  In  addition,  we  ob¬ 
served  the  energy  transfer  from  the  pump  to  signal 
with  pump-to-signal  intensity  ratios  »l. 

We  also  found  that  the  nonlinear  effects  of  the 
ctystti  depends  on  the  exposure  time  of  the  cryv 
tal  to  the  laser  and  iDianiMUion  light. 

S:45am _ 

WH6  Bsamdlamsttr  threshold 
forphotoinducsd 
polarization  conversion  In 
UNbOgiFB 

D.  W.  Wilson,  E  N.  Qytsis,  N.  F.  Hartman, 
and  T.  K.  Gayloid 

Georgia  Institute  of  Technology,  School  of 
Electrical  Engineering  end  Microelectronics 
Researdi  Center,  Atlanta,  Georgia  30332 

PhMoiixkiced  polarizatioa  conversion  is  a  form 
of  optical  damage  in  LiNbOj  waveguide 
devices.'  In  an  attempt  to  better  understand  das 
phenomenon,  we  have  studied  the  effect  in  balk 
LiNbOs:F4.  In  this  work,  we  have  observed  near¬ 
ly  complete  onfinary-to-extraordinafy  polariza- 
tion  conversion  in  UNbOjJie  for  inpui  ordinary 
beam  diameters  greater  than  -200  |un  and  no 
polarizarian  conversion  for  beam  diameters  less 
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Tokyo  US.  Japan 

Permanent  address:  Center  for  High  Technology  Materials,  University  of  New  Mexico, 

Albuquerque.  New  Mexico  87131 


ABSTRACT 

The  abundance  of  grossly  inconsistent  estimates  for  the  heavy- hole  effective  mass  in  InP, 
quoted  throughout  the  literature,  clearly  demonstrates  a  pressing  need  for  a  comprehensive 
evaluation  and  for  reaching  a  consensus  on  this  issue.  A  critical  survey  of  existing  theoretical 
and  experimental  results  is  presented,  and  the  most  trustworthy  data  are  selected. 

1.  INTRODUCTION 

In  spite  of  intensive  studies  of  InP  and  related  materials,  prompted  by  a  widening  range  of 
their  applications,  there  remains  a  number  of  important  parameters  on  which  no  consensus  exists 
as  to  what  should  be  their  values.  Such  is  the  case  of  the  heavy-hole  effective  mass  mvi,  ap¬ 
parently  one  of  the  poorest  established  parameters  in  InP.  Growing  technological  importance  of 
InP  is  in  the  longer  run  irreconcilable  with  the  confusion  that  reigns  in  the  literature.  A  large 
amount  of  conflicting  theoretical  or  rough  experimental  estimates  stands  in  sharp  contrast  to  the 
scarcity  of  reliable  experimental  data,  and  no  conclusive  evaluation  seems  to  be  agreed  upon 
(see,  for  example.  Refs.  [1-4],  where  ranges  from  0.39mq  to  O.SSmo,  with  mo  denoting  the 
free-electron  mass).  The  degree  of  difficulties  encountered  in  attempting  to  make  a  rational 
choice  is  also  illustrated  in  some  compilations  of  InP  properties  whose  authors  would  decide  not 
to  quote  any  value  of  the  heavy-hole  mass  whatsoever  (see,  for  example.  Ref.  [S]).  At  least  par¬ 
tially,  the  continuing  confusion  can  be  attributed  to  rather  arbitrary  selection  of  an  earlier  result 
without  a  careful  assessment  of  other  available  data.  This  is  regrettably  reflected  in  many  recent 
books  and  monographs.  To  give  but  a  few  examples,  in  addition  to  Refs.  (1-4):  (i)  Harrison  [6] 
quotes  mvi/mo  in  InP  to  be  0.83,  the  value  obtained  theoretically  by  Lawaetz  [7]  (and  misquoted 
as  an  experimental  result),  while  (ii)  Wiley  [8]  believes  that  a  reasonable  value  is  0.65,  i.e.  a 
middle  value  between  theoretical  estimates  of  [7]  (0.85)  and  [9]  (0.50),  and  (iii)  Pearsall  [10] 
gives  preference  to  an  experimental  evaluation  of  mvi  by  Leotin  et  al.  [11]  (0.56),  in  the  same 
instance  ascribing  it  mistakenly  to  experiments  of  Rochon  and  Fortin  [12]. 

As  the  technology  of  InP-based  optoelectronic  devices  matures,  precise  knowledge  of  m^i 
becomes  critical.  Due  to  their  large  density  of  states,  heavy  holes  play  a  dominant  role  in  optical 
transitions.  In  addition,  the  effective  masses  in  multi-component  alloys,  and  notably  in 
InGaAsP,  are  usually  estimated  from  interpolation  formulae  which  rely  on  the  corresponding 
values  in  the  constituent  binary  materials.  It  is  the  objective  of  this  paper  to  present  a  system¬ 
atic  survey  of  existing  data  on  mvi  in  order  to  select  its  most  plausible  estimate. 

2.  HOLE-MASS  DEFINITIONS 

The  valence  bands  in  III-V  compounds  are  warped  from  spherical  symmetry  and  it  has  been 
shown  that,  depending  on  the  method  of  measurement,  heavy-hole  mass  values  ranging  from 
0.17mo  to  0.87mo  are  theoretically  possible  for  InP  [13,14].  It  is  therefore  important  to  use  either 
the  same  type  of  effective  mass  or  the  same  set  or  band  parameters  when  comparing  different 
theoretical  predictions  and  experimental  evaluations.  We  choose  the  Dresselhaus  valence  band 
warping  parameters  A,  B,  (13]  as  a  basis  for  comparison  between  various  results. 

The  shape  of  the  valence  bands  near  the  r  point  in  Ill-Y  compounds  is  given  by  the  fol¬ 
lowing  approximate  formula  [8] 

£(k)  -  (A/2mo)  [Ak}  7  [B^k*  +  C»(k,»V  ♦  ♦  ^x’k,*)]*/*)  .  (1) 

The  upper  (lower)  sign  refers  to  the  heavy-  (light-)  hole  band.  Eq.  (1)  was  derived  for  semicon- 
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doctors  with  a  diamond  structure  [IS].  The  lack  of  inversion  symmetry  in  the  zinc-blende  lattice 
introduces  additional  linear  k  terms,  but  it  was  shown  that  their  effect  is  extremely  small  [16]. 

Eq.  (1)  can  be  used  to  express  the  effective  masses  mvi[100],  mvi[lll]  along  [100]  and  [ill] 
directions,  as  well  as  the  density-of-states  and  conductivity  masses  mavi  and  mevi,  in  terms  of 
parameters  A,  B,  and  ^  [17].  Note  that  i  -  1  (2)  indicates  the  heavy-  (light-)  hole  band. 

3.  THEORETICAL  EVALUATIONS 

Table  I  contains  a  survey  of  theoretical  and  experimental  evaluations  of  A^  B,  C>,  together 
with  corresponding  values  of  mvi[100],  mvi[lll).  mavi  nnd  Wcvi.  For  the  sake  of  conciseness,  the 
reader  is  referred  to  [17]  for  details  on  how  the  values  given  in  Table  1  were  obtained  when 
conversion  from  other  parameters  or  corrections  of  published  results  were  necessary. 

Table  1 

WARPING  PARAMETERS  A,  B,  C‘  AND  VALENCE-BAND  EFFECTIVE  MASSES  FOR  liiP  ON  THE 

BASIS  OF  PUBLISHED  LITERATURE 


Density-or*statM 

Warping  parameJers  Heavy-holc  n»ass  Light-holt  mass  mass  Conductitity  mass 


fn.,ll00] 

|■l.,(ill| 

m.,{100| 

A 

B 

C* 

m. 

m. 

(a)  Theoretical  evaluations 

7.54 

4.76 

3S.t0 

0.36 

0.60 

0.081 

8.26 

5.07 

62.13 

0.31 

0.69 

0.075 

8.13 

5.81 

26.13 

0.43 

0.62 

0.072 

5.75 

2.78 

27.4 

0.34 

0.61 

0.117 

628 

4.16 

39.49 

0.47 

1.32 

0.096 

661 

4.50 

25.44 

0.47 

0.80 

0.090 

6.34 

4.38 

33.44 

0.51 

1.20 

0.093 

(b)  Experimental  determinations 

5.04 

3.12 

6.57 

0.52 

0.63 

0.123 

5.15 

1.88 

20.89 

0  31 

0.52 

0.142 

m.,|ini 

m,,. 

Ref. 

m. 

m. 

m. 

m. 

m. 

0.075 

0.49 

0.077 

0.45 

0.077 

9* 

0.066 

0.50 

0.069 

0.43 

0.069 

13* 

0.068 

0.54 

0.070 

0  51 

0.070 

20 

0.101 

0.49 

0.107 

0.44 

0.106 

2t 

0.085 

0.85 

0.089 

0.67 

0.088 

7 

0.084 

0.65 

0.086 

0.60 

0.086 

18 

0.084 

0.84 

0.088 

0.70 

0.087 

19* 

0.118 

0.58 

0.120 

0.58 

0.120 

II 

0.119 

0.43 

0  126 

0.40 

0.125 

12 

•  Corrected  values,  see  Ref.  [17]. 

The  theoretical  estimates  of  the  valence  band  parameters  assembled  in  Table  1(a)  are  based 
on  the  k-p  perturbation  theory  [7,9,13,18],  the  pseudopotential  approach  [19],  or  combinations  of 
both  [20,21].  The  k-p  method  involves  many  parameters  (energy  gaps  and  momentum  matrix 
elements'  that  could  in  principle  be  determined  empirically  [16].  In  practice,  however,  some  of 
these  parameters  are  difficult  to  assess  because  of  insufficient  experimental  data;  consequently, 
additional  assumptions  cannot  be  avoided. 

Cardona  [9]  circumvented  the  lack  of  complete  data  on  the  energy  gaps  in  Ill-V  compounds 
by  estimating  them  from  "equivalent”  group  IV  materials.  He  assumed  also  that  the  covalent  part 
of  the  matrix  elements  joining  the  Pjsv  levels  with  the  Pje,  Pisc  and  Pig  levels  had  the  same 
value  for  all  zinc-blende  and  diamond-type  semiconductors.  His  approach  was  also  embraced  by 
Kofodziejczak  et  al.  [13,14],  who  updated  the  values  of  the  aforementioned  covalent  matrix  ele¬ 
ments.  The  arbitrary  assumption  of  constant  matrix  elements  seems  to  be  too  crude  since  more 
recent  studies  suggest  a  rather  strong  material  dependence  [7,22J.  Moreover,  an  early  estimate  of 
the  low-temperature  principal  energy  gap  £o  *  1-34  eV  adopted  in  [9,13,14]  differs  considerably 
from  recent  measurements  where  £o  ■  1.42  eV  [12]. 

The  approach  of  Poliak  el  al.  [20]  is  somewhat  similar  to  that  of  [9]  except  that  the  energies 
of  states  not  experimentally  available  for  group  IV  materials  are  estimated  by  solving  pseu¬ 
dopotential  matrices.  Also,  the  homopolar  matrix  elements  of  "equivalent"  group  IV  elements  are 
no  longer  assumed  to  be  constant,  but  are  adjusted  to  obtain  a  good  agreement  of  the  calculated 
bands  with  the  ultraviolet-reflection  and  electroreflectance  data.  The  same  procedure  is  then 
adopted  to  obtain  the  antisymmetric  matrix  elements  for  III-V  compounds.  However,  it  has  been 
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indicated  that  while  such  a  procedure  may  well  fit  the  overall  band  structure,  it  can  still  give 
rather  unsatisfactory  values  for  the  band-edge  masses  [7]. 

Lawaetz  [7]  developed  a  semi-empirical  model  to  describe  the  variation  of  the  matrix  ele¬ 
ments  in  different  materials  as  functions  of  lattice  constant  and  ionicity.  There  remains  some 
uncertainty  in  the  value  of  his  matching  parameter  accounting  for  ionicity,  although  his 
choice  of  ^  «  O.S  for  InP  appears  to  be  a  felicitous  one,  for  his  interaction  energy  Ep  agrees 
well  with  a  subsequent  experimental  determination  [22].  However,  the  energy  gap  between  the 
Pisv  and  Pisc  levels  at  0  K  (£a'  *  5.10  eV).  estimated  by  Lawaetz  using  a  dielectric  method  of 
Van  Vechten  [23],  is  at  variance  with  the  result  of  Van  Vechten  himself,  electroreflectance 
measurements,  and  pseudopotential  calculations  [19,24],  which  all  fall  between  4.44  and  4.78  eV. 
The  adjustment  of  Eo  in  Lawaetz’s  theory  would  increase  the  anisotropy  of  the  heavy-  and 
light-hole  masses  which  already  is  much  larger  than  reported  in  [11]. 

Recognizing  that  the  anisotropy  of  calculated  heavy-hole  masses  was  larger  than  indicated 
by  the  then  available  cyclotron  resonance  data  for  GaSb,  InSb  and  ZnTe,  Lawaetz  [7]  suggested 
that  his  method  may  have  given  a  wrong  estimate  for  the  magnitude  of  the  C  parameter  which 
describes  the  interaction  between  the  Fisv  and  Fis  states.  Therefore,  in  his  subsequent  work  [18] 
Lawaetz  treated  G  simply  as  fitting  parameter,  indeed  obtaining  a  reduced  valence-band 
anisotropy.  However,  although  smaller  than  previously  (Tfs**  -  'ys*'  *  [fl*  +  C*/3)^/*  -  B]/2  =  0.43 
instead  of  the  former  0.68,  where  73*',  are  Luttinger  parameters),  it  is  still  substantially 
larger  than  experimental  value  of  0.17  [11]. 

Bowers  and  Mahan  [21]  use  the  empirical  pseudopotential  method  [24]  to  calculate  the  mo¬ 
mentum  matrix  elements.  The  effective  masses  for  holes  are  then  found  from  the  k-p  theory  of 
[IS].  The  reliability  of  their  results  seems  to  be  rather  doubtful  since  their  approach  fails  to 
predict  a  correct  value  of  the  energy  gap  for  InP  (1.10  eV  instead  of  1.42  eV),  possibly  because 
effects  of  the  atomic  cores  on  the  pseudowavefunctions  were  neglected. 

The  pseudopotential  treatment  of  Chen  and  Sher  [19]  neglects  the  spin-orbit  coupling  that 
has  an  important  bearing  on  the  values  of  valence-band  effective  masses.  Moreover,  their 
masses  deviate  from  a  relation  that  follows  from  the  kp  theory  with  no  spin-orbit  interaction 
(see  [17]),  which  raises  some  uncertainty  regarding  our  extraction  of  the  warping  parameters  A, 
B,  from  these  masses.  Thus  the  corresponding  masses  given  in  Table  1(a)  (corrected  for  the 
spin-orbit  coupling)  should  be  viewed  with  a.  degree  of  reservation. 

4.  EXPERIMENTAL  DETERMINATIONS 

None  of  the  theoretical  approaches  discussed  above  emerges  as  clearly  superior  to  the  others, 
although  our  criticism  of  the  results  of  Cardona  [9],  Kolodziejczak  et  c/.  [13,14]  and  Bowers  and 
Mahan  [21]  is  stronger  than  that  of  the  remaining  three  models.  It  should  also  be  noted  that  all 
averaged  theoretical  masses  in  Table  1(a)  differ  significantly  from  measurements  of  [11]  and 
[12],  especially  in  the  case  of  light-hole  masses.  A  large  discrepancy  between  the  experimental 
data  themselves  creates  however  an  impression  that  the  accuracy  of  the  hole  masses  derived 
from  measurements  is  perhaps  not  much  better  than  that  of  theoretical  methods. 

Cyclotron  resonance  measurements  of  Leotin  el  al.  [11]  permit  a  relatively  direct  determi¬ 
nation  of  hole  effective  masses,  but  the  observed  masses  have  to  be  corrected  in  order  to  obtain 
bare  band-edge  values.  The  largest  correction  (~12%)  is  due  to  nonparabolicity  of  the  light-hole 
band  which  increases  the  observed  light-hole  mass.  Another  correction,  which  apparently  was 
not  made  in  [11],  would  eliminate  the  effect  of  electron-phonon  interaction  on  the  observed 
masses.  However,  since  the  magnitude  of  this  correction  (~3%)  lies  within  the  experimental  un¬ 
certainty,  one  can  argue  that  it  can  be  neglected. 

A  weak  point  of  the  experimental  study  of  Rochon  and  Fortin  [12]  is  that  it  involves  a  the¬ 
oretical  model  in  order  to  deduce  the  valence-band  masses  from  interband  magneto-absorption 
data.  In  particular,  an  early  value  of  the  anisotropy  factor  [7]  was  assumed,  hence  the  effective 
masses  of  [12]  exhibit  much  stronger  anisotropy  than  the  results  of  [11].  Moreover,  interband 
magneto-absorption  measurements  provide  rather  poor  accuracy  of  deduced  heavy- hole  mass. 
For  instance,  variation  of  electron  and  light-hole  masses  by  less  than  3%  in  the  analysis  of  in¬ 
terband  magneto-transmission  data  changes  the  deduced  by  25%  [25]. 

Apart  from  [II]  and  [12],  no  other  experimental  data  on  the  heavy-hole  mass  in  InP  seem  to 
have  been  published  since  1970.  Early  experiments  prior  to  1970  provided  only  very  rough  esti¬ 
mates  of  the  averaged  conductivity  mass  mcv,  derived  from  Hall  mobility  measurements.  Analy¬ 
sis  of  mobility  data  requires  a  number  of  scattering  mechanisms  to  be  included,  which  in  turn 
involves  additional  parameters  of  uncertain  magnitude,  such  as  the  deformation  potentials,  ef- 
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fective  charges,  etc.  The  wide  range  of  effective  masses  derived  from  mobility  measurements 
(0.2  to  I  .Omo)  illustrates  how  poor  is  the  accuracy  of  any  such  estimate. 

5.  CONCLUSIONS 

A  comprehensive  survey  of  theoretical  and  experimental  data  on  heavy-hole  effective  mass 
in  InP  is  reported.  The  valence-band  warping  parameters  A,  B,  C*  are  chosen  as  a  basis  for 
comparison  between  various  results.  Experimental  evaluation  by  Leotin  et  al.  (density-of-states 
heavy-hole  mass  of  0.58mo)  is  judged  to  be  the  most  trustworthy  among  the  existing  data. 

It  is  rather  surprising  that  the  only  two  experimental  results  on  the  heavy-hole  mass  in  InP 
published  since  1970,  date  back  to  197S.  Despite  growing  technological  importance  of  InP,  little 
effort  seems  to  have  been  devoted  to  this  particular  issue.  This  paper  illustrates  that  there  is  an 
urging  need  for  new  measurements.  We  are  now  preparing  for  such  measurements  at  the 
Megagauss  Laboratory  of  the  University  of  Tokyo. 
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Hie  as-grown  wafers  were  opikany  exciied  using  the  740  nm  line  of  Ar-ion-pumped  dye  laser,  with  the 
pumping  beam  diameter  of  lOpm.  Even  though  no  heat  sink  was  used,  the  cwouiptn  power  of  7  roW 
is  considerably  higher  than  that  obtainable  from  single-quantum-well  micttdasers.  whQe  It  it 
comparable  to  that  of  DBR-RFQ  devices. 


BROAD-AREA  MODE-COUPLING  MODEL  FOR  CARRIER-GUIDED  DIODE 
LASER  ARRAYS 

Martk  OsinsJti*  and  Chung-Fin  Chemg,  Center  for  High  Technology  hfateriab,  VniverHtyofNcw 
Mexico,  Albuquerque,  New  Mexico  S7J3J  •6081. 

The  objective  of  this  paper  is  to  demonstrate  suitability  of  a  broad-area  mode-coupling  approach  to 
describe  modal  properties  of  carrier-guided  semiconductor  laser  anays.  The  supermode  theory  often 
adopted  to  explain  modal  behavior  of  phased  anay  lasers  is  suitable  only  for  in^-gukfed  amys,  since 
it  requires  a  basis  of  individual  waveguide  modes.  For  cairier-guided  arrays,  with  no  built-in  lateral 
variation  of  refractive  index,  such  approach  fails  to  predict  cori^y  the  number  of  system  inodes  and 
their  relative  gains.  It  is  more  apprq^te  to  treat  the  camer-guided  array  as  a  periuibed  broad-area 
laser,  since  the  number  of  lateral  modes  is  not  limited  in  this  case  by  the  number  of  array  elitments. 
Recently,  a  simple  model  of  carrier-guided  arrays  was  imqiosed,  based  on  the  standard  perturbation 
theory.  It  assumes  an  infmite  loss  outride  the  active  region  and  ignores  differences  between  modal 
gains  of  all  the  unperturbed  (broad  area)  modes,  claiming  thtt  th^  rimplifications  would  not  affect  the 
results  signtTicanily.  In  this  paper,  we  show  that  either  of  these  assumptions  has  important 
consequences  on  the  calculate  mo^  gains  for  the  array  modes. 

Rather  than  using  the  perturbation  theory,  we  follow  the  coupled  mode  formulation,  but  with  a  baris  of 
broad-area  modes  inst^  of  individual  waveguide  modes.  An  active  broad-area  waveguide  is  considered, 
with  the  gain-index  coupUng  as  well  as  ^latiaDy  averaged  temperature  effects  includ^  The 
perturbation  due  to  array  structure  is  assumed  in  form  a  raised  sinusoidal  modulation  of  permittivity, 
with  gain  maxima  at  stripe  centers.  A  smooth  half-period  cosine  profile  of  temperature  is  also  included 
in  the  perturbation. 

As  an  example,  we  consider  a  Iff-stripe  GaAs/AlGaAs  carrier-guided  array  rimilar  to  commercially 
available  devices  (SDL-2410C,  6-pm  stripes  on  lO-pm  centers,  multiple-quantum-weD  active  tegion). 
A  comparison  of  the  present  theory  with  earlier  rimpliffed  perturbation  analysis  corresponding  to  a 
limit  of  very  high  loss  and  constant  reveals  that  the  previous  treatment  is  unreliable  in  predicting  the 
mo^  gains  of  high-order  array  modes  (mode  numba  larger  than  the  number  of  emitters).  It  should  be 
emphasized  that  these  high-orda  modes  usually  dominate  in  carrier-guided  arrays,  hence  precise 
knowledge  of  their  modal  gains  is  very  imptutant  in  conriderations  ^  mode  ordering  and  mode 
suppression  schemes. 

Our  results  reveal  that  earlier  agreement  between  the  rimpli/ied  model  and  experimental  observations 
was  fortuitous.  On  the  other  h^.  broad-area  coupled-mode  theory  can  contribute  to  improved 
understanding  of  array  laser  behavior  and  constitutes  an  important  design  and  interpretatioo  tool. 


OPERATOR  ORDERING  IN  EFFECTIVE-MASS  HAMILTONIAN  FOR 
SEMICONDUCTOR  SUPERLATTICES  AND  QUANTUM  WELLS 
Mohammad  Moiahedie*  and  Marek  Osinsti,  Cenurfor  High  Technology  Materials,  University  of  New 
Mexico,  Albuquerque,  New  Mexico  871 31-^1. 

In  recent  years,  effective-mass  theory  has  been  used  extensively  as  a  computational  tool  for  determiiung 
electronic  states  and  other  properties  of  abrupt  beterostructures,  superlattkes,  and  quantum  weDs.  It  has 
been  recognized  that  application  of  the  effective  mass  theory  to  abrupt  interfaces  boween  different 
materials  suffers  from  ambiguity  in  kinetic  energy  operator  ordering,  caused  by  non-vaniriiing 
commutator  of  the  momentum  q;)erstor  and  the  position-dependent  effective  mass  m(z).  This  leads  to 
non-uniqueness  of  HamQtonian,  which  in  its  general  form  can  be  written  as 
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ikicshold  for  facet  damage.  The  prinuuy  chal¬ 
lenge  has  been  to  maintain  a  coherent  single  spa¬ 
tial  mode  at  high  power  levels  from  a  la^ 
aperture  device.  For  this  reason.  muhieMment 
phase-locked  arrays  have  been  under  develop- 
mem  for  over  a  decade  as  a  means  of  obtaining  a 
mode  stabilized  device  that  can  operate  reliably 
at  power  levels  in  the  range  03-1.0  W. 

Monolithic  phase-locked  arrays  have  been 
studied  for  many  years.  To  date  the  best  approach 
for  stable  phase-locking  to  high  powers  is 
resonant  arrays  of  amiguides'  (so  called  ROW 
arrays).  ROW  arrays  have  the  unique  property 
that  Aril  coherence  and  lateral-optical-mode 
stability  coexist.  Resuhs  to  date  are;  03-W  cw 
diffraction- limited  (DL)  operation;  13-W  DL 
pulsed  operation:  and  3  W  in  a  beam  3  x  DL. 
Reliable  operation  at  1-W  cw  power  is  expected 
in  the  near  future.  Particularly  attractive  is  the  fact 
that  ROW  devices  rio  not  need  active  phase  con¬ 
trol.  In  turn  die  devices'  reliability  is  expected  to 
behigh-Beyo^  I  W,  ROW  arrays  can  be  scaled 
m  two  dimensioas  with  the  uhimaie  goal  of  >10- 
W  coherent  power. 

As  for  emitting  facet  passivation  the  approach 
is  nonabsorbing  mirror.  It  has  been  implemenied 
by  eich-and-regrowth  diffusion-induced  lanice 
disordering  and.  more  recently,  using  sulphur- 
based  solutions  prior  to  facet  coating.  Another 
recent  development  is  the  discovery  that  strained- 
layer  quantum  well  InCaAs/CaAs/AIGaAs  lasers 
have  vinually  no  initial  degradation,  and  that  the 
emitting  hcet  damage  threshold  is  3-4  times  that 
of  OaAs-active-layer  devices.  Passivating  the 
emitting  facets  will  increase  the  reliable  power 
level  by  a  factor  of  3  to  4. 

RnterwiM 
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arrays 

L.  J.  Mawst,  D.  Botez.  M.  Jansen,  S.  Peter¬ 
son,  S.  S  Ou,  M.  Servant,  T.  J.  Roth,  and  C. 
Z.Mutz 

TRW  Reseatdt  Center.  1  Space  Park.  Redctulo 
Beach,  California  9027S 

Resonam-optical-waveguide  (ROW)  arrays  ate 
monolithic  devices  capable  of  ratfiaiing  in  a  dif¬ 
fraction-limited  beam  to  high  output  power 
levels.  These  devices  ate  attractive  for  many  tp- 
plications  beca-je  they  ate  one  wire  devices  with 
no  active  phase  control  required,  that  it,t)ie  imer- 
nal  structure  of  the  array  both  controls  and  locks 
die  phase  of  each  emitter.  In  effect,  the  ROW 
array  operates  as  lateral  OFB  for  spatial  modes. 

Medal  discrimination  in  these  structures  is  a 
complex  process  that  involves  several 
mechatusms:  (I)  edge  radiation  losses.  (2)  rnodal 
overlap  with  gain  (gamma  effect),  and  (3)  inter- 
clement  losses.  As  expected,  there  is  a  tradeoff 
between  low  threshold,  high  efficiency  operation 
md  strong  modal  discrimination.  However,  m 
demonstmied  here,  high  performance  cw  opera¬ 
tion  cm  be  obtained  from  optimized  ROW-type 
devioea.  ROW  arrays  with  optimized  facet  coat- 
higs operate  tear  its-phasemodewithadifhac- 
don-limitcd  beam  up  to  300 mW  in  cw  cooditiant. 
Tlueshold  currents  are  270  mA  with  efficiencies 
Of  42»  for  a  lOOOiim  long  cavity. 


Since  optimal  perfotmance  in  these  devices  is 
dependent  on  matching  a  lateral  resottance  condi¬ 
tion.  a  new  type  of  antiguided  array  based  on  the 
self-aligned  stripe  geometry  has  been  pursued  In 
these  structures,  layen  critical  to  obtaining  the 
resonance  condition  (i«..  passive  guide  layer)  ate 
grown  planar  during  a  first  phase  growth.  Design, 
fabrication,  and  device  characteristics  of  these 
devices  are  discussed. 

2:1Spm 

WS4  ThPfmgl  focugfng  •ffects'iir 
gaki-gukiod  dtodo  laser 

arraya 

Mardc  Osiiisld  attd  Chuttg-Pin  Qientg 
University  of  New  Mexico.  Center  for  High 
Technology  Materiab,  Albuquerque,  New 
Mexico  imt-60n 

Thermal  effects  in  diode  laser  arrays  are  known 
to  be  important  for  the  array  mode  selectian.' 
Here,  we  examine  in  detail  the  role  of  active 
region  healing,  considering  a  uniform  ten-strip 
GaAs/AIGaAs  gain-guided  array.  The  array  is 
regarded  as  a  perturbed  broad-area  laser  whose 
modes  ate  coupled  via  complex-permittivity  per¬ 
turbations  induced  by  heating  and  injected  car¬ 
riers.  Amy  modes  ate  determined  using  the 
coupled-mode  thet^.Thedtetmal  peniBbationis 
taken  as  a  half-period  cosine  with  center  value  of 
AT,  vanishing  at  the  lateral  claddings.  When  heat¬ 
ing-induced  waveguide  nonuniformity  is  small, 
the  dominant  amy  mode  is  v  *  10.  Calculated 
temperature  dependence  of  modal  gain  specna 
reveals  that  with  raising  temperature,  the  highest- 
gainmode  shifts  graduaify  fnim  v  ■  lOtovu  13. 
Thus,  thermal  focusing  resuhs  in  sequential  ex¬ 
citation  of  high-order  modes  with  increasing 
pumping  current.  Calculated  near-  and  bu-field 
paneitu  fw  AT  »  4*C  are  in  excellera  agreemem 
with  injectioa-seedinx  experimenu.'  while 
numerical  simulaiiaiu^with  AT  •  10*C  give 
somewhat  nartower  near  fields  for  v  >  10.  This 
indicates  that  the  active  region  heating  may  not 
be  as  severe  as  previously  thought.  Sensitivity  of 
the  high-order  modes  to  thermal  focusing  can  be 
used  to  establish  the  actual  temperanire  inctease 
with  good  accuracy. 

ftoferanoM 

1.  G.R.Hadley.J.P.Hohimer.andA. 
Owyoung.3.  Appl.Phys.dl,  1697(1987). 

2.  G.  R.  Hadley.  f.P.  Hohimer,  and  A. 
Owyoung.  IEEE  I.  (Quantum  Election.  QE- 
23,763(1987). 
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William  E  Thompson,  Otung-Pin  Chemg, 
and  MarfcQsinsId 

University  of  New  Mexico.  Center  for  High 
Technology  Materials,  Mhiquerque,  New 
Mexico  87131-6081 

Nonabsorbing  minor  (NAM)  GaAs/AIGaAs  ar¬ 
rays  have  been  shown  to  deliver  thermally  limited 
cw  output  power  m  high  as  2.4  W  from  a  lOO-pm 
aperture.'  Typically,  these  devices  operate  in 
high-order  array  modes  with  a  douMe-lobe  fte 
field.  In  this  paper,  we  show  that  with  cateftil 
design,  the  NAM  section  can  be  utilized  to  favor 
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single  far-field  lobe  operation.  We  treat  the  NAM 
array  at  a  composite  cavity  consisting  of  a 
waveguide  region  in  which  parallel  tingle-mode 
waveguides  are  coupled  through  evanescent 
fields  of  guided  modes  and  a  unifotm  NAM  sec¬ 
tion  that  provides  further  coupling  between  in- 
dividual  waveguide  modes  via  diffraction.  The 
eigenmodes  of  the  waveguide  section  (super- 
modes)  are  calculated  using  the  improved 
coupled-mode  theory.^  The  supermode  mixteg 
coefficients,  determining  the  eigenmodes  of  the 
composite  cavity,  are  obtained  by  evaluating  the 
reflected  image  at  the  imerface  between  the 
waveguiding  and  unifotm  seaions  of  the  device 
using  the  3-D  diffraction  imegnl.  If  the  phase 
difference  between  light  ictutning  fiom  the  NAM 
section  and  injected  back  iiNo  any  pmiculw 
waveguide  and  its  nearest  neighbor  is  an  imeger 
multiple  of  3x.  the  in-phase  supeimode  is  rein¬ 
forced.  On  the  other  hand,  a  small  variation  in  tlw 
NAM-section  length  and/or  the  waveguide  spac¬ 
ing  is  sufficient  u>  dramatically  change  the  fm- 
field.  The  performance  of  NAM  arrays,  is 
therefore,  very  sensitive  to  details  of  the 
waveguide  stiuauie. 

RaferoncM 
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Aerodyne  Research,  /nc.,  4S  Manning  Read, 
BWerica,  Massachusetts  01821 

Phase-locked  laser  combining  systems  using  in- 
tracavity  holograms,  spatial  filien,  orbeam  split- 
teis  ate  shown  to  be  mathematically  equivalent 
and  to  provide  strong  phase-locking  by  providing 
a  minimum  loss  for  in-phase  cooperation.  Ow 
model  accurately  predicts  the  combinations  of 
diode  laser  cunents  requited  by  a  muhidiode  laser 
system  to  achieve  threshold.  This  model  also  cor- 
r^y  predkts  the  parabolic  teciease  in  optical 
power  emiiied  at  the  phase  canceled  pan  at  a 
ftaiction  of  the  diode  latets’  drive  ewiem  im¬ 
balance.  The  automatic  phase  adjustments  needed 
for  efficient  power  col  lection,  which  ate  produced 
by  small  changes  in  the  optical  fnqumy,  ate 
shown  to  be  greatly  augmented  by  tecteasing  the 
mismatdi  in  cavity  lengths  among  die  varions 
laser  arms  of  the  compound  cavity.  This  cavity 
desipi  guarantees  efficien  power  collection  inde¬ 
pendent  of  pathlength  changes  along  the  laser 
arms.  A  leal-dme  measurement  of  the  self-locked 
phase  error  it  also  shown  to  decrease  for  narrow 
spectral  behavior  and  increase  for  broadband 
lasing. 
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Abstract 

Array  modes  of  gain-guIded  diode  laser  arrays  are  studied  using  broad-area  coupled¬ 
mode  theory  incorporating  thermal  wavegulding.  Calculated  near-  and  far-fields  are  in 
excellent  agreement  with  experimental  and  numerical  data.  Thermally  driven  high-order 
mode  switching  is  predicted. 
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In  spite  of  a  significant  progress  in  increasing  the  output  power  of  gain-guided 
diode  laser  arrays,  their  modal  behavior  remains  poorly  understood.  This  can  be  at¬ 
tributed  to  absence  of  adequate  analytical  treatment  valid  for  these  devices.  On  the  other 
hand,  it  is  difficult  to  gain  insight  into  mechanisms  determining  modal  properties  of 
laser  arrays  by  applying  comprehensive  numerical  analysis^. 

Recently,  we  have  developed  a  new  analytical  approach  to  gain-guided  arrays^.  The 
array  modes  are  determined  using  coupled-mode  theory  with  a  broad-area  mode  basis. 
We  have  shown  that  earlier  simple  analytical  treatment’  relying  on  assumptions  of  infi¬ 
nite  loss  in  the  lateral  claddings  and  equal  modal  gains  for  all  broad-area  modes  led  to 
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considerable  errors  in  predicted  array  mode  gains  and  was  therefore  unsuitable  for  gain- 
guided  array  analysis. 

Incorporation  of  thermal  waveguiding  in  the  analysis  is  important  for  above¬ 
threshold  operation  of  the  array.  As  the  pumping  current  increases,  so  does  the  active- 
region  temperature  and  the  lateral  temperature  profile  becomes  increasingly  nonuniform. 
We  approximate  the  thermally- induced  perturbation  of  broad-area  waveguide  by  a  half- 
period  of  the  raised  cosine  function,  failing  to  zero  at  the  edges  of  the  array. 

The  device  considered  is  a  uniform  10-stripe  GaAs/AlGaAs  gain-guided  array, 
similar  to  commercially  available  devices  (SDL-2410C,  6-/im  stripes  on  10-/im  centers, 
multiple-quantum-well  active  region).  40  broad-area  modes  are  included  in  calculations. 

Fig.  1  shows  temperature  dependence  of  modal  gain  spectra,  with  center  value  of 
temperature  raise  AT  as  a  parameter.  Note  that  with  rising  temperature,  the  highest-gain 
mode  shifts  gradually  from  i/  -  10  to  i/  -  13.  Incidentally,  heating  by  only  1  *C  suffices 
to  neutralize  the  carrier- induced  index  antiguiding.  Thus,  we  predict  that  due  to  thermal 
focusing  the  dominant  array  mode  will  be  shifting  towards  higher-order  modes  with  in¬ 
creasing  pumping  current. 

A  rather  spectacular  result  of  our  analysis  is  an  impressive  sensitivity  of  modal  in¬ 
tensity  patterns  to  the  active-region  temperature.  Fig.  2  shows  near-  and  far-field  pat¬ 
terns  for  the  array  mode  i/  >  10  which  dominates  when  heating- induced  waveguide 
oonuniformity  is  small.  AT  -  0  corresponds  to  index  antiguiding,  AT  «  2  *C  to  very 
weak  index  guiding,  and  AT  -  4  *C  to  index  guiding.  As  illustrated  by  Fig.  3  (mode  v  » 
IS),  near-field  patterns  of  other  high-order  modes  also  experience  significant  transfor¬ 
mation  with  increasing  temperature. 
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By  adjusting  the  value  of  AT*  to  4  *C  we  were  able  to  obtain  excellent  agreement 
with  injection-seeding  experiments  and  extensive  numerical  simulations  for  all  high-or¬ 
der  modes  for  which  published  data  were  available^.  Examination  of  results  reveals  that 
the  confinement  of  high-order  array  modes  improves  with  increasing  temperature. 
However,  once  a  given  mode  is  well  confined,  its  near-field  pattern  remains  almost  un¬ 
changed,  while  higher-order  modes  continue  to  narrow  down.  The  high-order  modes  are 
more  sensitive  to  thermal  focusing  and  can  be  used  to  establish  the  actual  temperature 
increase  with  greater  accuracy. 

In  conclusion,  incorporation  of  thermal  effects  in  broad-area  coupled-mode  theory 
of  gain-guided  laser  arrays  leads  to  an  excellent  agreement  with  earlier  experimental 
data  and  comprehensive  numerical  simulations.  Sequential  excitation  of  high-order  modes 
with  increasing  temperature  is  predicted.  Remarkable  changes  in  calculated  near-field 
patterns  with  increasing  strength  of  thermal  waveguide  make  it  possible  to  utilize  spec¬ 
trally-resolved  near-field  measurements  to  determine  temperature  profile  inside  the  ac¬ 
tive  region. 
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Figure  Captions 

Fig.  1.  Temperature  dependence  of  modal  gain  spectra  of  first  20  array  modes  in  a  10- 
stripe  lOO-pm  aperture  gain-guided  array.  The  perturbation  term  has  a  form 
of  a  sinusoidal  modulation  of  gain  (and  index  through  the  linewidth  broaden¬ 
ing  factor)  with  amplitude  of  10  cm**,  superimposed  on  a  half-cosine  thermal 
profile  with  amplitude  AT. 

Fig.  2.  Near-  and  far-field  patterns  of  the  array  mode  i/  «  10  calculated  for  various  am¬ 
plitudes  AT  of  lateral  temperature  profile. 

Fig.  3.  Near-  and  far-field  patterns  of  the  array  mode  i/  >  IS  calculated  for  various  am¬ 
plitudes  AT  of  lateral  temperature  profile. 
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ABSTRACT 

Single-lateral-mode,  high  power  operation  has  been  achieved  in  wide-stripe 
InGaAs/GaAs/AlGaAs  semiconductor  lasers  using  an  unstable  resonator  configuration  with 
diverging  elements  distributed  along  the  stripe.  Pulsed  output  powers  of  490  mW  have 
been  demonstrated. 
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High-power  semiconductor  lasers  are  required  for  a  broad  range  of 
applications.  There  are  limitations  on  the  peak  output  power  that  can  be 
obtained  from  single-stripe  lasers.  Phase-locked  arrays  have  been  used  to 
increase  output  powers  with  coupling  between  individual  narrow-stripe 
emitters. 

A  novel  solution  is  to  implement  an  unstable  resonator  configuration. 
Higher  order  lateral  modes  encounter  more  loss  and  filament-formation  is 
discouraged.  Cylindrical  etched  facets  have  been  used  to  induce  single-lateral- 
mode  operation  in  wide-stripe  lasers  Another  way  to  form  an  unstable 
resonator  is  to  introduce  diverging  lens-like  optical  elements  along  the 
stripe^^\  By  modifying  this  geometry,  we  have  achieved  single-lateral-mode 
operation  in  broad  area  lasers  more  than  150  pm  wide. 
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Negative  cylindrical  lenses  were  incorporated  into  the  laser  above  the 
active  region  by  wet-chemical  etching,  with  subsequent  regrowth  of  the  p- 
AlGaAs  cladding  layer.  Detailed  calculations  were  made  to  estimate  the 
optical  mode  profile  in  the  transverse  direction,  and  an  asymmetric  Graded- 
Index  Separate-Confinement-Heterostructure  (AGRIN-SCH)  active  region 
was  chosen  to  enhance  the  coupling  with  the  diverging  lens-train. 

The  structure  was  grown  by  Metal-Organic  Chemical  Vapor  Deposition 
(MOeVD).  The  asymmetric  GRIN-SCH  active  region  contains  an  InGaAs 
Single  Quantum  Well  (SQW).  A  GaAs  layer  (600  A  thick)  was  grown  on  top  of 
a  0.1  pm  AlGaAs  spacer  which  is  immediately  above  the  active  region, 
following  which  the  growth  was  stopped.  The  lens-train  pattern  was  formed 
using  wet-chemical  etching.  The  etch  depth  was  400  A,  corresponding  to  an 
effective  index  step  of  about  0.01.  The  top  p-AlGaAs  cladding  and  GaAs  cap 
layers  were  re-grown  subsequently.  The  gain-guided  lasers  were  then 
fabricated  using  a  standard  process  . 

Single-lateral-mode  operation  at  upto  3.5  times  the  threshold  current 
dth)  has  been  achieved  in  1000  pm  long,  100  pm  wide  lasers  with  a  total  output 
power  of  490  mW  for  pulsed  (  Ips,  10  kHz)  operation.  Spatial  coherence 
(measured  using  Young's  double-slit  in  the  near-field  image  plane)  across  80 
pm  of  the  near-  field  is  65%  at  3.5  x  Ith  and  80%  at  twice  threshold.  To  the  best 
of  our  knowledge,  this  is  the  highest  single-lateral-mode  power  achieved 
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with  a  single  wi de-stripe  semiconductor  laser  without  external  optical 
elements.  The  threshold  current  density  was  400  A/cm2  and  external 
differential  quantum  efficiency  was  36%.  The  nominal  round-trip  divergence 
factor  is  2.53  for  these  devices.  The  far-field  divergence  angle  is  less  than  1.4 
times  the  diffraction  limit. 

Using  a  different  design  with  a  nominal  round-trip  divergence  factor  of 
1.91,  single-lateral-mode  operation  has  been  obtained  in  170  pm  wide  laser 
stripes,  with  175  mW  total  output  power  at  2.5  x  Ith*  Spatial  coherence  across 
135  pm  centered  in  the  near  field  exceeds  60  %.  For  1000  pm  long  devices,  the 
threshold  current  density  was  250  A/cm2  with  an  external  differential 
quantum  efficiency  of  27  %. 

Results  from  several  different  designs  are  being  analyzed  to  optimize  the 
performance  of  these  devices.  New  resrilts  will  be  also  be  presented. 
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FIGURE  CAPTIONS 

Fig.  1(a)  -  Structure  after  first  MOCVD  growth  and  etching  of  lens  pattern 

Fig.  1(b)  -  Structure  after  MOCVD  regrowth  of  p-type  cladding  and  cap 
layers,  followed  by  a  gain-guided  laser  fabrication  process 
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ABSTRACT 

We  have  obtained  high  power  single-lateral-mode  operation  in  wide-stripe 
InGaAs/GaAs/AlGaAs  semiconductor  lasers  using  a  monolithic  unstable  resonator 
(consisting  of  diverging  elements  incorporated  above  an  asymmetric  GRIN>SCH).  The 
fabrication  involves  MOCVD  regiowth  after  wet-chenucal  etching  of  lens-like  patterns  in  a 
GaAs  layer  above  the  active  region.  Pulsed  output  powers  of  175  mW  and  490  mW  have 
been  obtained  in  170  pm  and  100  pm  wide  lasers  respectively,  with  spatial  coherence  in  the 
near-field  exceeding  60%.  We  observe  good  lateral  mode  discrimination  upto  3.S  times 
threshold  in  100  pm  stripes  with  a  round-trip  magnification  of  6.4. 

1.  INTRODUCTION 

High-power  single-lateral-mode  lasers  are  required  for  a  wide  range  of  applications 
where  the  beam  has  to  be  focussed  tightly.  Wide-stripe  lasers  have  poor  lateral  beam 
profiles  due  to  the  presence  of  several  higher-order  modes  and  filamentation  effects. 
Narrow  stripe  lasers  have  a  fundamental  limitation  in  that  the  peak  power  at  the  facet  should 
not  exceed  about  10  MW/cm^  -  thus  the  peak  powers  obtainable  are  limited.  Phase-locked 
arrays  with  different  geometries  are  being  developed  to  obtain  a  single  high-power 
supermode  in  the  far-fieldn]l21[3][4) 


Wide  stripes  with  unstable  resonator  geometries  are  very  promising  in  this  regard. 
In  such  a  configuration,  the  higher  order  modes,  especially  the  second,  encounter 
significantly  more  loss  than  the  fundamental  one,  thus  providing  a  strong  mode 
discrimination  even  at  high  current-injection  levels.  Besides,  the  div^gence  associated  with 
the  cavity  prevents  filamentation.  Cylindrical  ion-beam-milled  facets  have  been  used  to 
obtain  single-lateral-noode  operation  1^1.  Also,  diverging  lens-like  elements  have  been  used 
alcMig  the  stripe  to  induce  fundamental  mode  operation  (^1.  We  have  implemented  the  latter 
design  with  several  modifications  to  obtain  single-lateral-mode  operation  in  lasers  with 
widths  over  170  pm. 

2.  FABRICATION  AND  DESIGN  CONSIDERATIONS 

Theoretical  calculations  on  optical  mode  profiles  were  done  to  determine  an 
optimum  structure  in  the  transverse  direction.  Hie  laser  was  grown  in  two  steps  using  LP- 
MOCVD.  Fig.  1(a)  shows  the  structure  after  the  first  growth  and  incorporaticm  of  the  lens- 
train.  The  strucnire  is  as  follows  :  n+  GaAs  substrate;  n-GaAs  buffer  layer,  l.Spm  n- 
Alo.4Gao.6As  cladding;  0.3pm  AlxGai-xAs  (xAl,  0.4  -  0.2)  graded  region;  1(X)A 
Ino.2Gao.8As  SQW;  0.1pm  AlxGai-xAs  (xaI,  0.2  -  0.4)  graded  region;  0.1pm 
Alo.4Gao.6As  spacer  layer,  and  a  6OOA  GaAs  lens  layer.  Different  lens  patterns  were  then 
etched  400A  into  the  GaAs  lens  layer  using  a  1:1:800  NH4OH  :  H2O2  :  H2O  solution. 
Subsequent  MOCVD  rcgrowth  included  a  l.Spm  p-Alo,4Gao.6As  cladding,  SOOA 
AlxGai-xAs  (xaI.  0.4  -  0.0)  graded  layer  and  a  p+  GaAs  cap  layer.  The  interfaces  on 
either  side  of  the  lens  layer  were  graded  over  1(X)A  to  minimize  series  resistance.  Tellurium 
was  used  as  the  n-type  dopant  (IxlO^^/cm^)  while  C^arbon  and  Zinc  were  used  as  dopants 
in  the  p-cladding  (IxlO^^/cm^)  and  cap  layer  (IxlO^O/cm^),  respectively.  Fig.  1(b) 
shows  the  fmal  structure  after  the  regrowth  of  the  cladding  and  cap  layers  followed  by  a 
standard  wide-stripe  fabrication  process. 

Since  the  convex-shaped  lens  patterns  are  etched  into  GaAs  with  subsequent  lower 
index  AlGaAs  regrowth,  these  are  effectively  diverging  elements.  Several  different  designs 
were  implemented  by  changing  the  curvamres  and  number  of  lenses. 


Some  significant  design  features  are  the  asymmetric  GRIN-SCH,  the  use  of  GaAs 
for  the  lens  layer  and  the  etch  depth  for  the  pattern.  The  asymmetric  GRIN-SCH  (AGRIN- 
SCH)  was  chosen  to  shift  the  peak  of  the  optical  mode  over  towards  the  lens  layer.  This 
increases  the  effective  index  step  at  the  etch  boundaries,  thereby  allowing  us  to  reduce  the 
thickness  of  the  lens  layer  and  the  etch  depth.  For  the  lasers  reported  in  this  letter,  the  etch 
depth  was  400  A  into  a  layer  600  A  thick.  The  nominal  effective  index  step  in  the 
transverse  direction  is  0.01.  GaAs  was  chosen  for  the  lens  layer  instead  of  AlGaAs  since 
MOCVD  regrowth  on  AIGaAs  with  significant  xai  is  affected  by  oxide  formation  on  the 
surface.  This  could  have  an  adverse  effect  on  the  reliability  of  the  lasers.  Regrowing  on 
GaAs  by  modification  of  the  basic  design  results  in  good  materials  growth  and  is  reflected 
in  laser  characteristics. 

3.  POWER  AND  SPATIAL  COHERENCE  MEASUREMENTS 

We  measured  power  vs.  current  characteristics  and  spatial  coherence  across  the 
near-field  of  the  lasers  in  pulsed  operation.  The  setup  for  the  latter  is  shown  in  Fig.  2.  A 
magnified  image  of  the  near-field  of  the  laser  is  formed  in  a  plane  containing  a  double- 
slit^^.  The  resulting  Young’s  interference  fringes  in  the  far-field  are  recorded  on  a  CCD 
camera.  We  obtain  the  spatial  coherence  as  the  visibility  calculated  from  a  plot  of  the 
fringes.  The  spacing  between  the  slits  can  be  varied  and  their  position  in  the  near-field 
image  can  be  shifted  to  investigate  the  degree  of  spatial  coherence  across  the  beam.  All 
coherence  figures  quoted  here  are  obtained  from  visibility  measurements  with  a  slit  spacing 
of  80%  of  the  magnified  near-field  width.  The  far-field  of  the  lasers  was  obtained  with  an 
imaging  lens  since  there  is  a  natural  divergence  associated  with  the  unstable  resmator. 

4.  MATERIALS  GROWTH  QUALITY  (  Laser  Results ) 

Fot  a  control  laser  diode  without  any  lenses  (Fabry  Perot)  with  a  cavity  length  trf 
500  nm,  threshold  current  density  (Jth)  was  320  A/cm^  and  double-facet  differential 
quantum  efficiency  (Tld  )  was  over  85%.  The  series  resistance  was  0.80.  The  lasing 
wavelength  was  about  0.95  pm.  For  a  similar  1000  pm  long  laser,  Jth  was  200  A/cm^ 
with  an  of  75%.  These  results  indicate  good  materials  growth,  especially  the  regrowth 
on  GaAs. 
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5.  PERFORMANCE  OF  UNSTABLE  RESONATOR  LASERS 


Fot  a  170^m  wide,  1000  jun  long  laser,  the  spatial  coherence  was  over  60%  at 
175  mW  total  output  power  (from  both  facets)  at  approximately  twice  threshold.  The 
threshold  current  density  was  about  250  A/cm^  with  an  external  differential  quantum 
efficiency  of  27%  (both  facets)  at  a  lasing  wavelength  around  955  nm.  The  nominal 
magnification  for  this  lasers  was  3.65. 

For  a  100pm  wide,  1000  pm  long  laser,  490mW  total  output  power  was  obtained 
at  3.5  times  threshold  with  a  spatial  coherence  of  65%.  At  twice  threshold,  the  spatial 
coherence  is  80%.  The  threshold  current  density  was  about  400  A/cm^  with  a  differential 
quantum  efficiency  of  36%.  The  nominal  magnification  for  this  laser  was  6.4.  The  far-field 
for  currents  upto  3  x  Ith  is  shown  in  Fig.  3. 

The  data  from  different  stripe  widths,  magnifications  and  laser  cavity  lengths  are 
being  analyzed  to  optimize  design  parameters.  The  theoretical  calculations  leading  to  the 
design  will  be  published  elsewhere. 

6.  CONCLUSIONS 

In  conclusion,  we  have  demonstrated  single-lateral-mode,  high-power  pulsed 
operation  of  semiconductor  lasers  using  an  unstable  resonator  configuration,  with 
diver^g  lens-like  elements  incorporated  along  die  laser  stripe.  Results  from  Fabry  Perot 
lasers  without  lenses  indicate  excellent  MOCVD  regrowth  over  GaAs.  With  optimization  of 
design  parameters  we  expect  to  be  able  to  improve  the  characteristics  of  these  lasers  further. 
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Fig.  2  •  Setup  for  measuring  spatial  coherence  in  the  near-field 


Fig.  3  •  Far-field  of  170  x  1000  (un  wide  stripe  laser  with  a  magnification  of 
3.65,  for  different  cunents  upto  3x1^. 
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dMcshoM  for  facet  damate.  The  primary  chal¬ 
lenge  has  been  to  mainuin  a  cohercM  sin|le  spa¬ 
tial  motie  at  hiph  power  levels  from  a  laf|e 
apertiMC  device.  For  this  reason,  rnuhielemem 
phase-loched  arrays  have  been  under  devetop- 
meni  for  over  a  decade  u  a  means  of  obtainini  a 
mode  subilized  device  that  can  operate  reliably 
at  power  levels  in  the  range  0.5-1 .0  W. 

Monolithic  phase-locked  arrays  have  been 
studied  for  many  years.  To  date  the  best  approach 
for  stable  phase -locking  to  high  powers  is 
lesonam  arrays  of  antiguides'  (so  called  ROW 
arrays).  ROW  arrays  have  the  unique  property 
that  full  coherence  and  lateral-optical-mode 
subiliiy  coexist.  Results  to  date  are;  05-W  cw 
diffraction-limited  (DL)  operation;  I.S-W  DL 
pulsed  operation:  and  5  W  in  a  beam  }  x  OL. 
Reliable  operation  at  l-W  cw  power  is  expected 
in  the  near  future.  Particularly  attractive  is  the  fact 
that  ROW  devices  do  not  need  active  phase  con¬ 
trol.  In  turn  the  devices'  reliability  is  expected  to 
be  high.  Beyond  1  W.  ROW  arrays  can  be  scaled 
in  two  dimensions  with  the  ultimate  goal  of  >10- 
W  coherent  power. 

As  for  emitting  facet  passivation  the  apfxoach 
is  nonabsorbing  mirror.  It  has  been  implemented 
by  etch-and-regrowth  diffusion-induced  lattice 
disordering  and,  mote  recently,  using  sulphur- 
based  solutions  prior  to  facet  coating.  Another 
lecent  development  is  the  discovery  that  strained- 
layer  quantum  well  InGaAs/QaAs/AIGaAs  lasets 
have  virtually  no  initial  degradation,  and  that  the 
emitting  facet  damage  threshold  is  5-4  times  that 
of  GaAs-active-layer  devices.  Passivating  the 
emitting  faceu  will  increase  the  reliable  power 
level  by  a  foctor  of  3  to  4. 

R«tor«nc« 

I.  D.  Botez.  *1  a/..  Appl.  Phys.  Lett.  $4. 2 1*3 
(19*9). 
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WS3  Recent  advancos  in 
antigulded  diode  laser 

arrays 

U  J.  Mawst,  D.  Botez,  M.  Jansen,  S.  PWer- 
soti,  &  S.  Ou,  M.  Sergant,  T.  J.  Roth,  and  C. 
Z.Mutz 

TRW  Research  Center,  1  Space  Park,  Redondo 
Beadi.CMlifomm  90278 

Resonant-optical-waveguide  (ROW)  arrays  arc 
monolithic  devices  capable  of  radiating  in  a  dif- 
fraction-limiied  beam  to  high  output  power 
levels.  These  devices  ate  attractive  for  matiy  ^ 
plications  because  they  are  one  wire  devices  with 
no  active  phase  control  required,  that  is.  the  inter¬ 
nal  structure  of  the  array  both  controls  and  locks 
the  phase  of  each  emitter.  In  effect,  the  ROW 
array  operates  as  lateral  DFB  for  spatial  modes. 

Modal  discrimination  in  these  structures  it  a 
complex  process  that  involves  several 
mechanisms;  (I)  edge  radiation  losses,  (2)  modal 
overlap  with  gain  (gamma  effect),  and  (3)  inter- 
clemeni  loases.  As  expeaed,  there  is  a  tradeoff 
between  low  threshold,  high  efficiency  operation 
and  strong  modal  discriminatian.  However,  as 
demonsiraifd  here,  high  performance  cw  opera¬ 
tion  can  be  obtained  from  optimized  ROW-type 
devices.  ROW  arrays  with  optimized  feet  co«- 
higs  operate  in  an  in-phase  mode  with  a  difftac- 
lion-limited  beam  up  to  300 mW  in  cw  conditions. 
Threshold  curtenis  arc  270  mA  with  efficiencies 
of  42«  for  a  I000-)tm  long  cavity. 


Since  optimal  perfotmartce  in  these  devices  is 
dependent  on  matching  a  lateral  resonance  condi¬ 
tion.  a  new  type  of  antiguided  array  based  on  the 
self-aligned  stripe  geometry  hat  bran  pursued.  In 
these  structures,  layers  critical  to  obtaining  the 
resonance  condition  (ic..  passive  guide  layer)  arc 
grown  planar  during  a  first  phase  growth.  Design, 
fabrication,  and  device  characteristics  of  these 
devices  are  discussed. 
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WS4  Thermal  focusing  effects  In 
galn-gulded  diode  laser 

arrays 

Marek  Osinsld  and  Chung-Pin  Cherng 
Univenity  of  New  Mexico.  Center  for  High 
Technology  Materials,  Albuquerque,  New 
Mexico  87131-^081 

Thermal  effects  in  diode  laser  arrays  are  known 
to  be  important  for  the  array  mo^  selection.' 
Here,  we  examine  in  detail  the  role  of  active 
region  heating,  considering  a  uniform  ten-strip 
GaAs/AIGaAs  gain-guided  array.  The  array  is 
regarded  as  a  perturbed  broad-area  laser  whose 
modes  are  coupled  via  complex-permittivity  per¬ 
turbations  induced  by  heating  and  injected  car¬ 
riers.  Array  modes  arc  determined  using  the 
coupled-mr^  theory.  The  themtal  perturbation  is 
taken  as  a  half-period  cosine  with  center  value  of 
AT.  vanishing  at  the  lateral  claddings.  When  heat¬ 
ing-induced  waveguide  nonunifotmity  is  small, 
the  dominant  array  mode  is  v  *  10.  (deviated 
temperature  dependence  of  modal  gain  spectra 
reveals  that  with  raising  temperature,  the  highest- 
gainmode  shifts  gradually  from  v«  10  to  v«  13. 
Thus,  thermal  focusing  resuhs  in  sequential  ex- 
ciution  of  high-order  modes  with  increasing 
pumping  cunent.  Calculated  near-  and  far-field 
patterns  for  AT  >  4*C  are  in  exccUem  agreement 
with  injection-seedint  experiments,^  while 
numerical  simulations~wiih  AT  *  lO'C  give 
somewhat  narrower  near  fields  for  v  >  10.  This 
indicates  that  the  active  region  heating  may  not 
be  as  severe  as  previously  thought.  Sensitivity  of 
the  high-order  modes  to  thermal  focusing  can  be 
used  to  establish  the  actual  temperature  atcrease 
with  good  accuracy. 
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William  L  Thompson,  Chung-Pin  Cherng, 
and  Mark  Osinsld 

Unioersity  of  New  Mexico,  Center  for  High 
Technology  Materials,  Albuquerque,  New 
Mexico  87131-8081 

Nonabsorbing  minor  (NAM)  GaAstAICaAs  ar¬ 
rays  have  been  shown  to  deliver  thermally  Kmited 
cwouiptfpowcrasbi^as2.4Wfroma  lOO-pun 
apertm.'  Typically,  these  dev'iccs  operate  in 
high-order  array  modes  widi  a  double-lohe  far 
field.  In  this  paper,  we  show  that  with  carefiil 
design,  the  NAM  section  can  be  utilized  so  favor 


single  far-field  lobe  operation.  We  treat  the  NAM 
array  as  a  composite  cavity  consisting  of  a 
waveguide  region  in  which  parallel  single-mode 
waveguides  arc  coupled  through  evanescent 
fields  of  guided  modes  and  a  unifotm  NAM  sec¬ 
tion  that  provides  further  coupling  between  in. 
dividual  waveguide  modes  via  diffraction.  The 
eigenmodes  of  the  waveguide  section  (super- 
modes)  are  calculated  using  the  improved 
coupled-mode  theory.*  The  supeniKxle  mixing 
coefficients,  determining  the  eigenmodes  of  the 
composite  cavity,  are  obtained  by  evaluating  the 
reflected  image  at  the  interface  between  the 
waveguiding  and  uniform  sections  of  the  device 
using  the  3-0  diffractioo  integral.  If  the  phase 
difference  between  light  returning  from  the  NAM 
section  and  injected  back  into  any  particular 
waveguide  and  its  nearest  neighbor  is  an  integer 
multiple  of  2x,  the  in-phase  supermode  is  rein¬ 
forced.  On  the  other  harid.  a  small  variation  in  the 
NAM-section  length  and/or  the  waveguide  spac¬ 
ing  is  sufftcietu  to  dramatically  change  the  far- 
field.  The  performance  of  NAM  arrays,  is 
therefore,  very  sensitive  to  details  of  the 
waveguide  structure. 

RefttrancM 
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Roger  S.  Putnam 

Aerodyne  Research,  fitc.,  45  Manning  Road, 
Billerica,  Massachusetts  01821 

Phase-locked  laser  combining  systems  using  in- 
uacaviiy  holograms,  spatial  filters,  or  beam  split¬ 
ters  are  shown  to  be  mathematically  equivalent 
and  to  provide  strong  phase -locking  by  providing 
a  minimum  loss  for  in-phase  cooperation.  Our 
model  accurately  predicts  the  combinations  of 
diode  laser  cunenis  required  by  a  multidiode  laser 
system  to  achieve  threshold.  This  model  also  cor¬ 
rectly  predicts  the  parabolic  increase  in  optical 
power  emitted  at  the  phase  canceled  port  as  a 
function  of  the  diode  laseis'  drive  cunent  im¬ 
balance.  The  automatic  phase  adjustmems  needed 
for  efficient  power  colle^ion,  which  are  produced 
by  small  changes  in  the  optical  frequency,  ate 
shown  to  be  greatly  augmented  by  incieasing  the 
mismatch  in  cavity  lengths  among  the  various 
laser  arms  of  the  compound  cavity.  This  cavity 
design  guarantees  efficiera  power  collection  irtde- 
pendent  of  paihlength  changes  along  the  laser 
arms.  A  real-time  measixement  of  the  self-locked 
phase  error  is  also  shown  to  decrease  for  narrow 
spectral  behavior  and  increase  for  broadband 
lasing. 
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ABSTRACT 

We  report  the  first  experimental  and  theoretical  observations  of  a  period-doubling  route  to  chaos  in  a 
semiconductor  laser  undergoing  coherence  collapse,  occurring  when  the  external  cavity  mode  spacing  is  an  integer 
sub-multiple  of  the  relaxation  oscillation  frequency. 
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PERIOD-DOUBLING  ROUTE  TO  CHAOS 


IN  A  COHERENCE-COLLAPSED  SEMICONDUCTOR  LASER 
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Optoelectronic  Device  Physics  Group 
Center  for  High  Technology  Materials 
University  of  New  Mexico 
Albuquerque,  NM  87131-6081 


SLTMMARY 

Semiconductor  injection  lasers  are  frequently  operated  in  external  cavities  for  spectral  narrowing  and  mode 
stabilization.  However,  the  external  cavity  laser  can  exhibit  coherence  collapse,  a  catastrophic  broadening  of  the 
spectral  linewidth  to  tens  of  gigahertz  under  moderate  external  feedback  [1].  For  fundamental  and  practical 
reasons,  one  needs  to  know  whether  this  behavior  is  stochastic  (noise-driven)  or  deterministic,  and  how  the  final 
coherence-collapsed  state  is  attained. 

Here  we  describe  experimental  and  theoretical  studies  of  the  coherence-collapsed  semiconductor  laser.  Our 
experiments  have  used  GaAs/GaAlAs  index-guided  lasers  (Hitachi  HLP-1400),  operated  from  1.5-1. 7  times 
threshold  and  coupled  to  long  (10-60  cm),  weakly  coupled  (~  10*^-10"*  in  intensity)  linear  external  cavities.  The 
theoretical  analyses  of  these  experiments  are  based  on  rate  equations  for  the  carrier  density  and  complex  optical 
field;  phase-amplitude  coupling,  gain  saturation  and  coherent  feedback  terms  are  included.  These  equations  are 
integrated  for  the  free-running  laser  and  the  coherence-collapsed  laser  with  and  without  noise  terms:  the  time 
scries,  return  map,  autocorrelation  function,  power  spectrum  and  correlation  dimension  are  calculated  in  each 
case. 


The  results  provide  the  first  clear  evidence,  following  the  suggestions  of  Dente  et  al.  [2],  that  the  coherence- 
collapsed  state  is  formally  chaotic,  with  a  correlation  dimension  of  -'2.5,  and  occurs  due  to  mixing  between 
external  cavity  mode  partition  fluctuations  and  feedback-induced  relaxation  oscillations.  When  the  relaxation 
oscillation  frequency  is  an  integer  multiple  of  the  external  cavity  mode  spacing,  a  period-doubling  sequence  is 
observed,  while  otherwise  the  coherence-collapsed  state  is  attained  via  quasiperiodicity  [3].  This  is  the  first 


of  period-doubliog  b  .  semicondoaor  will  opto'  f~dhto.  to  »ch  c«.,  the  .Iditioo  of  ooi« 
Uods  10  obscure  Ore  find  features  of  Ore  chaotic  atttactor  and  makes  Ore  correlation  dimension  more  difficult  to 

determine. 
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Photorefractlve  Oevicea 

MocPtyiams  SAO  iopbCBtc^  pMae  co*i<uga<i^  •  PnBSB  contugsicoby 
SRS  SBS  •  «  F»io(ore*rgct  •«  ''‘jier.jrs  M 

e  OevCCS  «no  apDi'CJiiOnS 

□  6.  Optical  Materials  and  Fabrication 

CryS^  g'Owt*'  •  Moc^aorcaio^  ttCN'aQueS  *  OuSftun'  arH  an*  ^  001 
^DncjBon  iBc^reQuBS  •  Mcfoorogrinmabie  mae^rBit  •  MasenM 
triPAnccO  OOBcai  tesoorst  •  Maettfs  tor  Ngfvpow«r  ano  horBrr«ar 

prOCBOBtlOA 

C  7.  LaMra  for  Fusion  and  Strong-FteM 
Phyaica 

Usar  fuaon  lacnnorogi  •  Latar  piatma  xt'aaiona  •  Acctacond  and 
Vr-iwacond  ata-^  tor  a-ongtaid  pnytet  •  Apoacarant  ol  atar  producao 
Mtmat  •  Lasar  dnxr  accaiaraurt 

□  8.  Ultrafast  Optica  and  Electronics 

Ganarahorr  .Arasnar  putat  •  Maasuramam  cA  uireaa  opicai  and 
ftacirOTAe  prpparia*  or  maiana*  ana  da*>cat  •  UA-anign  waad 
opioaiaarortc  oancas  and  axciAng  iacnr«auai 

C  9.  Atmospheric,  Space,  and  Ocean  Optica 

Lda’  and  tala'  -ada-  tycami  •  Rangng  uacung  and  nangaidn  •  Fraa- 
tpaca  ooicar  co'-tnv'tcai'Ont  •  Uada  faca  on  ocT'cat  procagaicn  ana 
lysan-  oarto<~anea  •  Opicai  ramoia  la-aing  •  Airrpipr«r«  ipaca  and 
..ndanxiacopiioa  lywnt-Ocacaiamcattor  uiarnaunoiona'c  ipaca 
and  ocaan  lyoar-n 

□  10.  Optical  SwHchlng,  Logic,  and 

Storage  Systems 

Opiicai  noraga  Mmoonam  ana  »»*a-n*  •  Opnea  tmicn.-g  and  oge 
daveat  •  Op'da  cor-pupng  and  navrai  nrxns  •  I'tag'aad  ocwi  • 
Ouanun  xr  tre  lupananica  davtcaa  •  BxaaMy  and  bsaoia  oancaa  • 
Opicai  »gna  proemng 

3  11.  Electro-Optical  Device  and  Infrared 
Sensor  TechnologiM 

0tv«C«S  9^0  mflriyntro  lor  f^'OKigy  •  »oOi«fv>g 

tomcn.  moOL4»or  Ba^ICNnq  9«f«rtg  B/iO  0iy«9  DO««r  9p0i<«r0^  • 
Ciearo-O0iic»  »«o«y%  •  9110  9ahi<  •  ^oc»  M*« 

9F^9)fS  sno  tyStorr*  •  lAAM*«t|  OilCdOf  IBCVoogy 

□  12.  Diagnostic,  Arialytical,  and 

Industrial  Appllcatlorts 

Fo*  9f>e  Di9sn\9  0«QOO«O  •  C^•r^  9r«y%i$  •  S9<*S0fS 

9^10  d«9Ctoa  •  v«^,2Xofi  ttc  •  Froctss  •  Roook 

tno  con^  •  pfOCVQrng  9na  9wf^9C9  ntcrr^rs 

□  13.  Medical  ar>d  Biological  Applications 

lasar  angopiasi  •  LaM'i  m  oonmaimoiag,  •  iaia<  u.rga'y  •  uata- 
pnoioinarap,  •  F  oar  opne  dat-xry  lydarrM  tor  turgary  dagnoacs  ano 
pnoiotna'apy  •  Latar  otirgn  and  tngnaanng  tor  ma  madca  an».tonr-*r, 
•  Latar  pnoicMMg,  •  OpnatadronK  nradcai  laniort  and  dancaa 

C  14.  LaMra  In  Electronic  and  Optical 
Device  Processing 

Lnat  modAcai-on  ct  -airwi  ncludng  ttenmg  dapotii'O-  do&ng  and 
ntung  •  Laia-  aoiB«n  and  acrytiaa  uiron  o>  mtoi  •  Lata-  'nducad 
enarrxry  •  ProaCron  onmng  and  Mnograprry  By  laiart  •  Laia-t  n  procau 
dagnottci  and  nraanan  cnaracMnaaiton 

□  1$.  Lightwave  Communications 

Frear  opK*  •  So<.'oat  daiaaon  opiicai  ai-pi>Aat  and  -nrag-arao 
corrrponarat  •  'Aa-n.-  !»rt  -acdxrt  and  oar'or'naxa  convaa-a;«nt  • 
Sy«m  acc*-cj(«ni 
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Low  Series  Resistance  Continuously-Graded-Mirror  GRIN-SCH-MQW 
Vertical-Cavity  Surface-Emitting  Lasers  Grown  by  MOCVD 

Ping  Zhou.  JulianCheng*.  C.  F.  Schaus,  S.  Z.  Sun. 

D.  Kopchik.  C.  Hains.  Wei  Hsin.  Chien-hua  Chen 
University  of  New  Mexico.  Center  for  High  Technology  Materials 
Albuquerque.  NM  87131  *(505)277-5605 

D.  R.  Myers,  and  G.  A.  Vawter 
Sandia  National  Laboratories.  Albuquerque.  NM  87185 

We  report  the  first  demonstration  of  room -temperature,  cw  operation  of  GaAs/AlGaAs 
graded-index  separate-confinement-heterostruaure  (GRINSCH)  vertical-cavity  surface-emitting 
lasers  (VCSEIs)  with  continuously-graded  mirror  layers  grown  by  MOCVD.  Continuous  grading 
of  the  heterojunction  interfaces  in  the  heavily-doped  p-type  distributed  Bragg  reflector  (DBR) 
layers  significantly  reduced  the  diode  resistance  and  self  heating,  thus  leading  to  higher  power 
efficiencies,  a  wider  cw  current  range,  and  a  light  output  that  is  comparable  to  the  MBE  results 
[1].  Reduction  of  the  series  resistance  of  the  DBR  layers  has  previously  been  achieved  by  the 
insertion  of  an  intermediate  layer  or  a  superlattice  at  each  heterointerface  of  the  DBR  [2].  and 
by  implantation  techniques  [1.  3].  However.  MOCVD  allows  the  continuous  grading  of  these 
heterointerfaces,  which  virtually  eliminates  the  energy  barriers  to  hole  conduction,  thus  produc¬ 
ing  the  lowest  series  resistance  yet  reported. 

The  VCSEL  epilayer  struaure.  grown  by  a  low-pressure  MOCVD  system,  is  comprised  of 
an  undoped  four  quantum -well  GRINSCH  active  layer  structure  bounded  by  Te-doped  and  C- 
doped  DBR  mirrors,  containing  38.5  and  27  pairs  of  quarter-wave  ALAs  and  AIGaAs  layers, 
respectively.  The  AIGaAs/ AlAs  interfaces  are  continuously  graded.  The  GRINSCH  [4]  struc¬ 
ture  is  incorporated  to  improve  the  optical  confinement  and  to  lower  the  threshold  current, 
while  lateral  current  confinement  in  the  VCSELs  is  achieved  by  proton -implantation  [1]. 

The  room -temperature,  cw  electrical  (V-I)  and  optical  (L-0  characteristics  of  two  unpack¬ 
aged  VCSELs,  with  active  areas  of  11  pm  and  20  pm  diameters,  respectively,  are  shown  in  Fig. 
1.  Their  threshold  currents  and  voltages  are  3.85  mA/3.5  V  and  5.0/m  A/2.6  V,  respectively, 
with  corresponding  th'-eshold  current  densities  of  4KA/cm^  and  1.6KA/cm^  respectively,  and 
diCferential  quantum  e  r.  :iencies  of  about  80%.  The  output  optical  power  levels  of  1  mW  and 
0.9  mW  are  limited  by  self-heating  effects  in  these  unsoldered  devices.  A  higher  optical  power 
of  2  mW  is  obtained  with  an  active  area  diameter  of  32  pm  device,  whose  threshold  current 
density  is  1.2KA/cm^.  The  series  resistances  of  11  pm  and  20  pm  devices  are  80  ohms  and  30 
ohms,  respectively,  which  are  three  times  lower  than  the  values  reported  for  comparably-sized 
MBE-grown  devices  [1].  The  overall  power  efficiency  is  2.8%  for  the  1 1  pm  device,  and  is  3.7% 
for  the  32  pm  device.  The  spectrum  in  Fig.  2.  for  an  11  pm  device,  shows  a  very  low  level  of 
spontaneous  emission  and  a  resolution-limited  spectral  width  of  0.7  A.  These  data,  representing 
the  best  MOCVD  results  to  date,  are  comparable  to  the  state-of-the-art  MBE  results. 

[1)  B.  Tell,  Y.  H.  Lee,  K.  F.  Brown-Gocbeler,  J.  L.  Jewell,  R.  E.  Leibenguth,  M.  T.  Asom,  G. 
Livescu,  L.  Luther,  and  V.  D.  Materra,  Appl.  Phys.  Lett.  57,  1855(1990). 

[21  K.  Tai,  L.  Yang.  Y.  H.  Wang.  J.  D.  Wynn,  and  A.  Y.  Cho.  Appl.  Phys.  Lett.  5«. 
2496(1990). 

[3)  H.  J.  Yoo,  J.  R.  Hayes,  N.  Andreadakis,  E.  G.  Paek,  G.  K.  Chang,  and  Y.  S.  Kwon,  Appl. 
Phys.  Lett.  56.  1942(1990). 

[4]  Y.  H.  Wang,  K.  Tai,  J.  D.  Wynn,  M.  Hong,  R.  J.  Fischer,  J.  P.  Mannaerts,  and  A.  Y.  Cho. 
IEEE  Photonic  Technol.  Lett.  2,  456(1990). 
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Fig.  1 .  L-l  and  l-V  characteristics  of  the  GRINSCH  VCSEL  for  (a)  11  \im 
diameter  active  area  and  (b)  20  urn  diameter  active  area. 


Fig.  2.  Spectrum  of  the  GRINSCH 

VCSEL  with  11  p,m  diameter  active 
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The  as-grown  wafers  were  qxkany  excited  using  the  740  nm  line  of  Ar-ion-pumped  dye  laser,  with  the 
pumping  beam  diameter  of  10  pm.  Even  though  no  heat  sink  was  used,  dte  cw  output  power  of  7  mW 
is  considerably  higher  than  that  obtainable  from  single-tjuantum-weD  mkrt^asers,  while  h  is 
comparable  to  that  of  DBR-RPG  devices. 


BROAD-AREA  MODE-COUPLING  MODEL  FOR  CARRIER-GUIDED  DIODE 
LASER  ARRAYS 

Martk  Osinski*  and  Chung-Pin  Cheng,  Center  for  High  Technology  Materials,  University  of  Hew 
Mexico,  Albuquerque.  New  Mexico  87I31-d08I. 

The  objective  of  this  paper  is  to  demonstrate  suitability  of  a  broad-area  nvode-coiq>ling  approach  to 
describe  modal  properties  of  carrier-guided  semiconductor  laser  arrays.  The  supermode  theory  often 
adopted  to  exf^ain  modal  behavior  irfiased  array  lasers  is  suitaUe  only  for  index -guided  arrays,  since 
it  requires  a  tois  of  individual  waveguide  modes.  For  carrier-gwded  arrays,  with  no  built-in  lat^ 
variation  of  refractive  index,  such  approach  tails  to  predict  cotr^y  the  number  of  system  modes  and 
their  relative  gains.  It  is  more  appropriate  to  treat  the  carrier-guided  array  as  a  perturbed  broad-area 
laser,  since  the  number  of  lateral  modes  is  not  limited  in  this  case  by  the  number  of  array  elemeitts. 
Recently,  a  simple  modd  dt  carrier-guided  arrays  was  proposed,  based  on  the  standard  perturbation 
theory.  It  assumes  an  infuiite  loss  outside  the  active  regkm  and  ignores  differences  between  modal 
gains  of  all  the  unperturbed  (broad  area)  modes,  claiming  that  these  simplifications  would  not  affect  the 
results  significantly.  In  this  paper,  we  show  that  either  of  these  assumptions  has  important 
consequences  on  the  calculate  mo^  gains  for  the  array  modes. 

Rather  than  using  the  perturbation  thecxy,  we  follow  the  coupled  mode  formulation,  but  with  a  basis  of 
broad-area  modes  inst^  of  individual  wave^de  modes.  Ast  active  broad-arta  waveguide  is  considered, 
with  the  gain-index  coupling  as  well  as  spatially  averaged  temperature  effects  included.  The 
perturbation  due  to  array  structure  is  assumed  in  form  a  raised  sinusoidal  modulation  of  pemutiivity, 
with  gain  maxima  at  stripe  anters.  A  smooth  half-period  cosine  profile  of  temperature  is  also  included 
in  the  penurbation. 

As  an  example,  we  consider  a  10-stripe  GaAs/AIGaAs  camer-guided  array  similar  to  commercially 
available  devices  <SDL-2410C,  6-pm  stripes  on  lO-pm  centers,  multiple-quantum-weD  active  region). 
A  comparison  of  the  present  theory  with  earlier  simplified  perturbation  ar^ysis  corresponding  to  a 
limit  of  very  high  loss  and  constant  reveals  that  the  previous  treatment  is  unreliat4e  in  predicting  the 
modal  gains  of  high-order  array  modes  (mode  numba  larger  than  the  number  of  emitters).  It  should  be 
emphasized  that  these  high-ord^  modes  usually  dominate  in  carrier-guided  arrays,  hence  precise 
knowledge  of  their  modal  gmns  is  very  impoiumi  in  considerations  of  mode  ordering  and  mode 
suppresrion  schemes. 

Our  results  reveal  that  earlier  agreement  between  the  simplified  model  and  experimental  observations 
was  fortuitous.  On  the  other  h^,  broad-area  coupled-inode  theory  can  contribute  to  improved 
understanding  of  array  laser  behavior  stiu  constitutes  an  important  design  and  inierpteiaiion  tool. 


OPERATOR  ORDERING  IN  EFFECTIVE-MASS  HAMILTONIAN  FOR 
SEMICONDUCTOR  SUPERLATTICES  AND  QUANTUM  WELLS 
Mohammad  Moiahedie*  and  Marek  Osinski.  Center  for  High  Technology  Materials,  University  of  New 
Mexico,  Albuquerque,  New  Mexico  87J3I-608I. 

In  recent  years,  effective-mass  theory  has  been  used  extensively  as  a  computational  tool  for  determining 
electronic  states  and  other  properties  of  abrupt  heterostructures,  superlattices,  and  quantum  weUs.  It  has 
been  recognized  that  application  of  the  effective  mass  theory  to  abrupt  interfaces  br^een  different 
materials  suffers  from  ambiguity  in  kinetic  energy  rqierator  ordering,  caused  by  non-vanishing 
commutator  of  the  momentum  operator  and  the  position-dependent  effective  mass  m(z).  This  leads  to 
non-uniqueness  of  HamQionian,  which  in  its  general  form  can  be  written  as 
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H  -  -  W  (m(*)J«VImri)lP  VliiKiH  “♦  Vifi). 

with  2a  4  P  «  4.  Contqwnding  with  this  one-pantneter  family  of  opcfaiors,  the  matching  conditions 
for  the  envelope  wave  function  tp(x)  and  its  derivative  y(z)  ait  also  paiameUzed,  with  oontinirity  of 
lmfz)]Pd((in(z)p*y(z)]Alz  at  the  iniafacea. 

The  values  of  a  and  P  can  in  principle  be  detennined  by  comparison  with  microscopic  Aeoiy  or 
experimenL  Yet,  while  theoretical  considerations  indicate  that  only  p  ■  *1  (a  *  0)  is  consistent  with 
microsci^ic  tieaunent.  there  have  been  reports  that  experimenially  o^rvable  interband  tiansirion 
energies  are  not  sensitive  to  the  choice  of  p.  In  this  paper,  we  resolve  this  apparent  controversy  by 
demonstrating  that,  contrary  to  earlier  claims,  the  inteiband  transition  energies  do  vary  substantially 
with  p.  Comparison  with  available  dau  conflims  that  the  choice  of  P  «  4  provides  the  best  fit  with 
experimenL 

Specifically,  we  have  analyzed  GaAs/AlsGai.xAs  superlattice  and  quantum  well  systems  using  the 
transfer  matrix  technique.  The  results  show  that  within  die  conduction  band  a  subband-edge  energy 
shifts  approximately  linearly  with  P  (4  ^  P  $  0).  We  have  also  investigated  the  effects  of  superlattice 
parameters,  such  as  subband  index,  thicknesses  of  iMh  constituent  materials,  and  barrier  hei|ht 
(composition)  on  the  shifts  of  subband-edge  energy,  between  the  two  extreme  cases  of  p  •  -1  and  P  «  0. 
Calculated  energy  levels  are  more  sensitive  to  the  chmce  of  P  for  higher  subbands  and  for  decreasing 
well  thickness.  Increasing  the  barrier  height  or  thickness  also  results  in  larger  shift  of  subband-edge 
energies. 


SURFACE  NORMAL  SECOND  HARMONIC  GENERATION  IN 
PLZT  AND  GaAs  THIN-nLM  WAVEGUIDES 

L  C.  2au,  K.  J.  Malloy  and  A.  Y,  Wu,  Ctnter  for  High  Technology  Materials  (CHTM),  EECE 
Building,  The  Vniversity  efNew  Mexico,  Albuquerque,  New  Mexico  B71  $1-6081. 

We  compare  SHG  in  P:LZT  and  GaAs  ihin-fllm  waveguides.  PLZT  should  offer  higher  conversion 
efTiciencKS  and  interaction  with  other  optoelectronic  devices.  However,  the  ^fTiculties  presented  by  the 
polycrystalline  structure  of  PLZT  films  need  be  examined  for  PLZT  bai^  devices. 

Our  waveguide  structure  requires  the  interaction  of  two  counterpropagadng  lasa  beams  to  emit  the 
second  harmonic  from  the  surface.  The  single  crystal  LiNb03-  and  GaAs-bascd  structures  have  been 
studied  previously.  It  is  possible  to  deposit  PLCT  thin  films  with  c  axis  (001)  normal  to  the  surface 
and  with  the  a  (and  b)  axes  of  the  polycrystaUiies  randomly  oriented  in  the  plane.  Assuming  such  a 
miCTOstructural  mode],  our  calculations  show  the  second  order  nonlinear  polarization  for  emission  from 

the  surface  is  present  only  when  one  of  the  incident  laser  beams  is  TE  and  the  other  is  TM.  P^.  the 
source  of  the  nonlinear  output  is  indqiendeni  of  the  orientation  of  the  grains  in  the  waveguide  plw, 

p2«-di5Ei®E2®Y. 

This  result  implies  that,  exc^  for  scattering  losses  at  grain  boundaries,  a  polycrysialline  PLZT 
waveguide  vrill  have  identical  properties  to  a  single  crystal  structure. 

We  report  on  these  considerations  for  PLZT  and  compare  them  with  our  experimental  results  on  single 
crystal  GaAs-based  structures.  The  technological  advantages  of  GaAs  and  the  difliculties  encountered 
with  PLZT  will  be  discussed. 


MICROSTRUCTURE  AND  ELECTRICAL  PROPERTIES  OP  R.P,  SPUTTERED 
BARIUM  TITANATE  FILM  ON  SILICON 

Bi-Shiou  Chiou*  and  Jenq-I  Jiang  InstiMe  cf  Eiectroiucs,  National  Chiao  Tung  Universiiy,  Hsinchu. 
Taiwan. 
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